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4- Slightly better cooling with given radiator capacity. The 
higher heat conductivity of aluminum is evidently more than 
offset by the decrease of flame swept area and better thermal 
efficiency. 

5- Somewhat decreased connecting rod bearing loads at 
high engine speeds resulting from additional assistance 
offered by higher gas presstire in opposing inertia at the 
upper end of the stroke. 

6. Less ill effects from carbon accumulation due apparently 
to lower peak temperatures of combustion chamber surface. 
This effect has been repeatedly observed on cars having 20,000 
to 30,000 miles service over a period of a year and can only be 
attributed to the aluminum material because that was the only 
major change in an engine used in production previously with 
the iron heads. When performance checks are made on these 
cars they are found to have less tendency toward knocking 
and less loss of performance than those equipped with iron. 
The difference is not extremely great, but is definitely in 
favor of the aluminum. 

7. Smoothness at least equal to that had with iron with 
one ratio lower, due to equally low rate of pressure rise 
during combustion. 

8. An increased feeling of liveliness, or responsiveness, at 
speeds above about 35 m.p.h. This impression is gained 
by owners and non-technical men in driving the cars so 
equipped and is attributed to the fact that the gains in per 
formance realized are greater as the engine speed increases. 
This characteristic is accounted for by the knowledge that 
heat lost to the cooling water decreases as the time occupied 
by the power cycle decreases, thus permitting the higher 
conductivity factor of aluminum to subtract less thermal loss 
in that manner, and the fact that the higher compression 
ratios automatically increase the efficiency of the engine as a 
pump, thus improving its volumetric efficiency at its higher 
speeds. This is shown in the previous tests by the presence 
of a higher manifold vacuum when the high ratio heads are 
used. While it is true these items are not of great magnitude, 
it is also a fact that the net result is appreciated by sales execu- 
tives and others not familiar with engine design. When low 
ratio heads have been substituted on proposed models to 
reduce cost these men once accustomed to higher ratios have 
immediately complained of a dead, or heavy feeling, in driv- 
ing the cars without knowing the cause. 


Improved Design Necessary 


In some instances aluminum head material has been sub- 
stituted for iron with the compression raised approximately 
one ratio with no visible improvement in wide open throttle 
performance. Such an experience may easily materialize 
where in the particular engine a restriction between the cyl- 
inder head and the valves in the open position already existed. 
Naturally, when the head is reduced in height to raise the 
ratio this restriction is accentuated sufficiently to counteract 
the gains from the higher ratio. Obviously, this requires a 
combustion chamber change reducing the volume elsewhere 
and leaving the breathing space around the valves equal to 
its previous value. Another possible disappointment can 
come from insufficiently cooled spark plugs or valves. In view 
of statements previously made herein that exhaust valve life 
is better and that pressure rise during combustion is no 
faster, this may seem to be contradictory. It does not mean 
failure of those parts in operation, but that they can be the 
cause of knocking at maximum power when high compres- 


sion is used. When we bear in mind that increased pressures 
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attained when increasing compression ratios tollow an approxi- 
mate adiabatic curve, where heat in the charge has a cumu- 
lative effect on the final pressures and temperatures, it be- 
comes clear that excessive heat retained in these parts will 
continue to be given off to the charge during the compression 
stroke and thereby greatly influence the final compression 
temperature. It becomes necessary, therefore, to select spark 
plugs more carefully and to keep the valve seat widths and 
spring pressures up to where a maximum possible heat flow 
from the exhaust valve to the cylinder is obtained. 

It is true that the stiffness of aluminum is almost equal to 
that of cast iron. Nevertheless, it is profitable to give close 
attention to the ribbing on top of the combustion chambers 
or between studs with either material when the ratios are 
increased. In cases where these ribs exist in a haphazard 
manner they should be rearranged to act as clamps or beams 
to transmit the stud pressure to localities where they can be 
more effective in holding the floor of the head down on the 
gasket. For instance, ribs should be securely joined to the 
stud bosses wherever possible rather than to a side wall at 
a point distant from the bosses. Then the ribs and the bosses 
integrally function as a crowfoot clamp in taking the stud 
pressure to the point where it is required. Somewhat larger 
areas of contact between the washers and the top of the 
aluminum bosses around the studs should be provided to 


prevent crushing or flowing of the metal at those points. 


Unit Pressures on Gaskets 


In case the composite construction is considered, that is, 
an iron cover over an intermediate member, careful consid- 
eration must be given to the unit pressures on the gasket used 
between the cover and the aluminum. Invariably this unit 
pressure is greatly in excess of that on the cylinder head 
gasket because of the difference in areas and, therefore, the 
material used in the upper or water gasket must be sufh 
ciently hard and strong to avoid failure by crushing and con- 
sequent loss of pressure on the cylinder head gasket and its 
possible failure therefrom. While the same total static pres- 
sure does exist on both these gaskets obviously, the gas 
pressure subtracts from the loading on the cylinder head 
gasket, and adds to the loading on the upper gasket, and 
if temporary pinging or knocking is encountered this trans 
fer of load assumes rather serious proportions. This prob 
lem is not impossible to solve but must be carefully con 
sidered. Another factor which comes into existence in the 
composite construction is that usually the total depth or verti 
cal dimension of the assembly is not increased and naturally 
the vertical stiffness of the two members falls far short of 
that of the solid member having the same depth, since the 
stiffness of a beam varies with the cube of this dimension. 
Therefore, the disposition of ribbing is even more important 
than in the one piece casting. 

More clearance should be provided around the studs to 
allow for expansion and growth of the aluminum, and it 
has been found advisable to keep one or more of the holes 
in the center of the head a comparatively close fit for the 
purpose of locating the head on the cylinder. 

Another point requiring attention in design is that of 
addititonal heat application. As previously stated, the exhaust 
gas temperature will be lower with the higher ratios, particu- 
larly at road loads of less than maximum speeds, and it is 
usually desirable, therefore, to divert or direct a greater pro 
portion of the exhaust gas into the heating jacket of the 
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sion is used. When we bear in mind that increased pressures 


Vol. 32, No. 4 


attained when increasing compression ratios tollow an approxi- 
mate adiabatic curve, where heat in the charge has a cumu- 
lative effect on the final pressures and temperatures, it be- 
comes clear that excessive heat retained in these parts will 
continue to be given off to the charge during the compression 
stroke and thereby greatly influence the final compression 
temperature. It becomes necessary, therefore, to select spark 
plugs more carefully and to keep the valve seat widths and 
spring pressures up to where a maximum possible heat flow 
from the exhaust valve to the cylinder is obtained. 

It is true that the stiffness of aluminum is almost equal to 
that of cast iron. Nevertheless, it is profitable to give close 
attention to the ribbing on top of the combustion chambers 
or between studs with either material when the ratios are 
increased. In cases where these ribs exist in a haphazard 
manner they should be rearranged to act as clamps or beams 
to transmit the stud pressure to localities where they can be 
more effective in holding the floor of the head down on the 
gasket. For instance, ribs should be securely joined to the 
stud bosses wherever possible rather than to a side wall at 
a point distant from the bosses. Then the ribs and the bosses 
integrally function as a crowfoot clamp in taking the stud 
pressure to the point where it is required. Somewhat larger 
areas of contact between the washers and the top of the 
aluminum bosses around the studs should be provided to 


prevent crushing or flowing of the metal at those points. 


Unit Pressures on Gaskets 


In case the composite construction is considered, that is, 
an iron cover over an intermediate member, careful consid- 
eration must be given to the unit pressures on the gasket used 
between the cover and the aluminum. Invariably this unit 
pressure is greatly in excess of that on the cylinder head 
gasket because of the difference in areas and, therefore, the 
material used in the upper or water gasket must be sufh 
ciently hard and strong to avoid failure by crushing and con- 
sequent loss of pressure on the cylinder head gasket and its 
possible failure therefrom. While the same total static pres- 
sure does exist on both these gaskets obviously, the gas 
pressure subtracts from the loading on the cylinder head 
gasket, and adds to the loading on the upper gasket, and 
if temporary pinging or knocking is encountered this trans 
fer of load assumes rather serious proportions. This prob 
lem is not impossible to solve but must be carefully con 
sidered. Another factor which comes into existence in the 
composite construction is that usually the total depth or verti 
cal dimension of the assembly is not increased and naturally 
the vertical stiffness of the two members falls far short of 
that of the solid member having the same depth, since the 
stiffness of a beam varies with the cube of this dimension. 
Therefore, the disposition of ribbing is even more important 
than in the one piece casting. 

More clearance should be provided around the studs to 
allow for expansion and growth of the aluminum, and it 
has been found advisable to keep one or more of the holes 
in the center of the head a comparatively close fit for the 
purpose of locating the head on the cylinder. 

Another point requiring attention in design is that of 
addititonal heat application. As previously stated, the exhaust 
gas temperature will be lower with the higher ratios, particu- 
larly at road loads of less than maximum speeds, and it is 
usually desirable, therefore, to divert or direct a greater pro 
portion of the exhaust gas into the heating jacket of the 


1S, 


ed 
nit 
ad 
he 
fh- 


its 


t of 
aust 
rticu- 
it is 
pro 


f the 


ALUMINUM CYLINDER HEADS 


intake manifold in order to maintain the mixture tempera- 
tures previously arrived at for best carburetion results. 
When the mixture temperature is kept up to its former 
value it is sometimes desirable to reduce slightly the amount 
of accelerating fuel used due to a faster or better acceleration 
with a given throttle opening when the ratio is increased. 


Functioning of Aluminum Material 


Unfortunately the exact difference in combustion phenom- 
ena between iron and aluminum head material is not def- 
nitely established within our knowledge. Whatever this 
action is, however, the result is that approximately one ratio 
higher may be employed with aluminum than with iron 
using the same fuel. Also, apparently this advantage con- 
tinues to exist with still higher ratios because in our experi- 
ence the performance is perfectly satisfactory with a 7.5 to 1 
ratio when commercial Ethyl gasolines are used and the im- 
provement in performance therefrom remains in about the 
same proportions. In an engine built for racing purposes a 
ratio of 8.6 was used successfully, employing regular gasoline 
having 15cc. of Ethyl fluid per gallon added. 

Efforts to obtain the same results with some other material 
have been made. In the belief that continuous heat flow 
from a flame to water might be the key, a thin iron head was 
made where the combustion chamber wall did not exceed 
5/32 in. and it was reinforced by thin ribs on the water side. 
This showed no improvement over the thick iron wall al- 
though the heat path was reduced by half. In the belief that 
a higher factor of heat conductivity on the flame swept sur- 
face might answer a 1/16 in. thick copper liner was made 
having approximately three fourths of its upper surface ex- 
posed to the water. This gave slightly worse results than con- 
ventional iron construction. Heads have been nickel plated, 
chromium plated and copper plated inside with no success. 
In one instance we coated the combustion chamber surface 
with vitreous enamel which showed a decided loss. 


Spark Plug Effects 


Then the possibilities offered by spark plug locations were 
explored. Plugs were installed in nearly every conceivable 
location and in one case seven spark plugs in each head were 
used and fired in all combinations with two-spark ignition. 
Certain combinations of two plugs firing but not simultane- 
ously by 6 deg. approached the power output derived from 
the aluminum heads, but made the engine extremely rough 
accompanied by a noise that sounded like loose bearings, or 
as described by one of the men doing the work, “it was full 
of barbed wire.” This result is attributed to a very fast 
pressure rise when the charge is ignited approximately at 
either end. It has been pretty definitely proven that the dif- 
ference in functioning of the two materials does not occur 
on the water side. At the present time it seems to be indi- 
cated that the ability of the aluminum to conduct heat later- 
ally away from hot areas coupled with its higher specific 
heat offers a possible explanation. Also, heat conductivity of 
aluminum increases slightly as the temperature of the metal 
increases, whereas the conductivity of iron decreases with this 
condition. The capacity for absorption or reflectivity prob- 
ably plays a part, although how much is not known. We do 
find that the performance from a new clean aluminum head 
is not as good as when that head has become smoked up or 
blackened in use, indicating that the increased absorption 
ability of the lamp black on the surface is beneficial. How- 
ever, when a head is purposely roughened by grooving or 


chipping on the combustion chamber surtace its performance 
drops noticeably below a smooth or polished surface. 


Summary 


It is believed that higher compression should be viewed by 
open minded engineers as an opportunity to increase efh- 
ciency while acquiring more performance by a logical method 
based on sound fundamentals, rather than as just a trick 
method of getting some more power out of an engine that 
has become under powered for its job. Naturally, it presents 
some new problems and intensifies some which are already 
with us, but it is believed that all improvements are accom- 
panied by similar difficulties. 

No doubt, the question arises in the minds of many, “Why 
go to this bother and expense when we can bore out the old 
engine and get 10 per cent?” 

In reply to this I should like to point out that many of the 
old engines have already been bored out to the limit, and if 
a larger one is designed it will be heavier, and probably 
longer also, both being changes which influence the wheel 
base and weight of the car upwardly, resulting in a net gain 
of very little, if any, in performance and none whatever in 
the efficiency. 

Higher compression ratios do improve efficiency in which 
there is a lot of room for progress and because it is a funda- 
mentally sound procedure in thermal dynamics it is recom- 
mended as a logical means ‘for the engineer to use in creating 
better transportation. 


Highway Appropriations Are 
Not Subsidies, Shannon Says 


*“T(EDERAL highway appropriations do not constitute 
a subsidy to commercial motor carriers on the high- 
ways, according to the findings of the report in the Special 
House of Representatives’ Committee appointed to investigate 
Government competition with private enterprise, of which 
Representative Joseph B. Shannon, Missouri, is Chairman. 
In reviewing the facts, the House Committee cited the 
following five points as to why Federal aid is not a subsidy 
to commercial vehicles: 
(a) The appropriations originated prior to the develop- 
ment of any appreciable commercial movement. 
(4) They are made in the interest of the Nation as a whole. 
(c) They offset to some extent the Federal use of high- 
ways. 
(d) They represent the national interest in the flow of 
interstate commerce. 
(e) They provide a stabilizing coordinating influence on 
the expenditure of large sums of money. 


“The railroads seem to have lost sight of the fact that 
transportation is not a master industry. It is a servant to 
other industries as evidenced by the fact that the ratio of 
railroad carloadings is fluctuating according to the volume 
of industrial production. 

“Transportation cannot prosper and railroad carloadings 
cannot increase unless there is an increase in the activities 
of the producing industries. 

“Truck transportation is only a minor competitor of the 
railroads as the percentage of vehicles actively engaged in 
taking away profitable long distance tonnage from the rail- 
roads is almost negligible.”—Pierre Schon, transportation engi- 
neer, General Motors Truck Co., Pontiac, Mich. 
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orrelation of Propeller 


and Engine Power 


with Supercharging 


OURCES and Character of Problems—The proper 
choice of a propeller is becoming increasingly difficult 
to determine because of the current design trends of 

both airplanes and engines. The sources of these propeller 

problems may, of course, be traced back through the engine 
to the demand for higher airplane performance. The airplane 
designer retracts the landing-gear, takes in the wing struts, 
tries one wing instead of two and looks around for high-lift 
devices to reduce the size of the one; he then fairs everything 
and, finally, turns to the engine. It already is cooled by 
prestone or is covered by a ring cowl which reduces its drag 
nearly to the practicable limit. 


pow er. 


The obvious solution is more 
But, unfortunately, detailed performance calculations 
on a consistent design series of airplanes and engines show 
that, when more power means more weight and drag, merely 
more power is not enough; improvements in the powerplant 
must be made. 

So far as the performance of the airplane is concerned, the 
engine should be lighter, give more power and have less 
drag. In addition, it ought to furnish these under conditions 
which allow the propeller to deliver to the airplane as much 
of the engine power as possible without imposing damaging 
losses in airplane structural efficiency. 
factors is further involved with 


The balance of these 
noise, vibration, first cost, 
cost of maintenance and fuel cost. 

The engine designer is necessarily concerned with all of 
The 
brake horsepower of an engine varies directly as the product 
of the displacement, the crank speed and the brake mean 
effective pressure. 


the foregoing considerations, plus cooling and strength. 


As the displacement of an engine of a 
particular type is increased, its weight and drag also increase. 
Hence, for considerable improvements, it is necessary to turn 
the engine faster and to raise the brake mean effective pres- 
sure. Increasing the engine speed up to a certain point in- 
volves problems of engine design which, though difficult, are 
not insurmountable. This way of raising the power brings 
with it, however, a horde of particularly obnoxious propeller 
problems: high propeller-tip speed, with resulting increase of 
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noise and loss of efficiency; reduction gearing; and the busi- 
ness of evaluating propeller efficiency against engine weight, 
propeller weight and, in the many cases where the diameter 
of the propeller is limited by the dimensions of the airplane, 
airplane structural weight and flying characteristics. The next 
step—and, for a given type of engine, the final step—in rais 
ing the power is raising the brake mean effective pressure. 
This is accomplished by increasing the compression ratio and 
the supercharging. The former method is advantageous to 
a certain extent because it improves fuel consumption and 
in some Cases engine cooling; but it carries the disadvantages 
of requiring special fuels and stronger cylinders. Super 
charging remains as a way of increasing power, and the 
blower has now become a part of the engine. 


Supercharging Limitations 


Supercharging is thus a normal procedure in getting the 
most power out of an engine, and the important question 
remaining is how far it can be carried. So tar as power is 
concerned, the more supercharging with satisfactory fuel, the 
more power. The last limit is the engine structure; so, since 
it is impossible to shove all these things neatly into an equa 
tion and obtain an analytical solution, the best power rating 
of an engine is sought after by a kind of “hunting” process 


of alternate increases of power and strength. Hence there 


can be no question of the facts that there is a limit to the 


power of a given engine and that the responsibility for deter- 
mining it rests with the engine manutacturer. 

Going back to the source of these problems, the desire for 
higher performance, we find that much of the clamor is for 
faster airplanes with reasonable take-off, climb and ceiling. 
It has long been known that, although the maximum speed 
of an airplane in level flight is less at altitude than it is at 
sea level, the loss in speed is not nearly sO large as the loss 
in brake horsepower; and that, if the engine gave the same 
power at altitude as it did at sea level—that is, increased its 
critical altitude—the airplane speed would be considerably 
higher at altitude. These well-known relationships are shown 
in Fig. 1 for an airplane with an air-cooled radial engine 
rated at sea level and also for the same airplane with the 
engine giving constant power up to its critical altitude of 
10,000 ft. The decrease of power with altitude is in accord 
ance with the equation in the National Advisory Committee 
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Summary 


HE primary purpose of this paper is to dis- 

cuss some of the most pressing problems 
involved in choosing the propeller that is most 
suitable for use on a particular airplane. Pro- 
peller design is not dealt with, the discussion 
being limited to the selection of metal propellers 
of established design. Questions of noise, effi- 
ciency and diameter limitation are merely men- 
tioned, and the emphasis is placed upon the 
choosing of propellers which will transmit the 
most engine power for the most needed condition 
of airplane performance; maximum and cruising 
speeds at altitude, or take-off and climb.  Air- 
plane performance enters only inasmuch as it is 
used to illustrate a case of power absorption. 


The proper choice of a propeller is becoming 
increasingly difficult to determine because of the 
current design trends of both airplanes and 
engines. Especially important is the fact that 
many of the supercharged engines now in use 
cannot be operated at full throttle below their 
critical altitudes. To discuss the selection of 
propellers for these engines, it has been necessary 
to explain at some length the restrictions placed 
by the engine manufacturer upon their operation. 


The methods of analysis used are short-cut 
approximations. In most cases the logic of their 
selection and the extent of their accuracy are 
evaluated. The validity of the propeller-load 
curve is discussed in detail. 


As illustrations of the methods, two problems 
are investigated. By analytical processes, an 
estimate is made of the loss in engine power 
resulting with a fixed-pitch propeller, from limit- 
ing the brake mean effective pressure of a super- 
charged engine at sea level to the same value as 
held at critical altitude. The other problem is 
discussed graphically. It is an estimate of the 
engine powers and cruising speeds obtained at 
five altitudes with seven different propellers on 
an unsupercharged engine. 


It was found that one of the propellers yielded 
an increase in cruising speed of 8 per cent over 
the best obtainable from a propeller chosen in 
the normal manner. The disadvantages resulting 
from the use of such a propeller are also dis- 
cussed, and it is shown how many of these can be 
overcome by a propeller the pitch of which can 
be adjusted in flight to the definite values most 
needed for certain performance characteristics. 
Much of the analysis is applicable to the study of 
multiple-pitch propellers. 


In conclusion, short-cut methods are outlined 
for estimating the engine power available for 
take-off and climb with different propellers. A 
new chart, Fig. 10, is given for estimating the 
change in propeller speed which results from a 
change in airplane speed. This curve may be 
used when there are changes in density altitude 
and engine brake mean effective pressure. 





for Aeronautics’ Report No. 295, which is used at the recom- 
mendation of The Pratt & Whitney Aircraft Co. An allow- 
ance has been made for the drop in engine speed with allti- 
tude. The gain in maximum speed at critical altitude is, 
for this airplane, about 1 per cent for each 1000-ft. increase 
in critical altitude, and that figure will not vary greatly with 
airplane type. Raising the critical altitude offers such excel- 
lent possibilities of improving performance that it has become 
one of the current design trends. 

Let us now summarize the major trends in airplane and 
engine design and examine briefly the extent and character 
of their influence upon the propeller. First, the airplane 
speeds are greater; within present limits, this improves pro- 
pulsive efficiency at maximum and cruising speeds but tends 
to impair take-off because of the high pitch of the propeller. 
Second, the power of each engine is being stepped up so that 
the tendency is toward larger input to a single propeller; but 
this effect, considered by itself and again within present 
limits, is not seriously detrimental to propeller efficiency. 
Next, engine speed is being increased, and, furthermore, at 
a time when there is a strong demand for more efficiency and 
less noise. Whether or not noise is receiving all the attention 


that the buyers and users of airplanes desire is a debatable 
point, but there is no longer doubt of the fact that excessive 
propeller noise is evidence to all the countryside of wasted 
power. 

This leads to propeller reduction gearing, which brings 
with it a demand for increased propeller diameter, a demand 
which is added to those of increased power and higher alti- 
tudes. It is possible, by increasing the total width of the 
blades of a propeller of given diameter, to make it absorb 
almost any amount of power; but it would be so heavy and 
inefficient in comparison with the best propeller, which, if 
the gearing is correct, has two fairly narrow blades, that its 
use would be out of the question. 

There seems to be a widespread sentiment in aeronautical 
circles that g ft. is a convenient and appropriate diameter 
for all propellers on all engines and all airplanes. In current 
practice, the diameters of the propellers are being seriously 
restricted, and the increments of power are being absorbed 
either by widening the blades or by using more of them. 
Within reasonable limits the effect on efficiency is similar. 
The tendency is to restrict the diameter to the point where 
the maximum efficiency is only slightly impaired but the 
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static thrust is reduced to or below the minimum needed to 
get the airplane into the air. Where to draw the line in 
diameter limitation is one of the most delicate ot design prob- 
lems because it involves the evaluation of so 
understood airplane and propeller factors. 


little- 


It is a problem 
for which there is at present no general solution. Large diam 


eter is important for take-off. 
A rearrangement of published intormation' 


many 


shows that 
static thrust for a given engine power varies as the two 
thirds power of the product of the propeller diameter and a 
static thrust efficiency, and that the efficiency in static thrust 
is greatly reduced by the large blade-angle required of a 
geared-down propeller. For the airplane, a few inches added 
to the allowable propeller diameter frequently handicaps the 
rest of the design. How to translate these things into terms 
of airplane performance—of take-off, speed and payload—is 
a question which must be laboriously analyzed for each par 
ticular type and purpose ol airplane. 

The last to be discussed here, and most important, of the 
trends in design which affect the choice of propellers, is 
supercharging and its effect upon engine operation. Before 
its advent, the propeller was in most cases simply set to 
absorb full power at maximum speed in level flight at sea 
level. In climb, the engine speed fell off somewhat, and at 
take-off fell off some more. engine was 
throttled to a reasonable power determined by the engine 
manufacturer. At maximum speed in level flight at altitude, 
the propeller held the engine speed down slightly, on the 
average as shown in Fig. 2, which was obtained from numer 
ous flight tests. 


For cruising, the 


The only restriction necessary to place upon 
the operation of the normally aspirated engine was the cau 
tion that it would last longer if it were not cruised or dived 
at full throttle. 

Restrictions upon Engine Operation below Critical Alti- 
tude—A glance at Fig. 1 shows, however, that something 
further must be done to protect the supercharged engine 
which has had its critical altitude raised from sea level to 
10,000 ft. Both of the engines are equipped with the only 
kind of supercharger used extensively in this Country, a cen- 
trifugal fan geared to the crankshaft. The only difference 
between them is that the engine having the higher critical 
altitude has its blower turning faster, and, if its throttle were 
kept wide open from critical altitude on down to sea level, 
there would be nothing except the inability of the fuel to 
stand the high pressures to prevent this engine momentarily 
giving as large a proportionate increase in power from 10,000 
ft. to sea level as does the other engine, or about 50 per cent 
more power than it was designed for. It is unreasonable to 
expect the engine to stand such an overload, because the sea 
level engine—the same engine structurally—has already had 
its brake mean effective pressure pushed up to the structural 
and cooling limit of reliability. Thus we are met with the 
rather curious question: How high powered is a supercharged 
engine? 

This question must be answered before propellers can be 
discussed. The conception of the principles of the rating of 
supercharged engines briefly outlined below applies to engines 
manufactured by The Pratt & Whitney Aircraft Co. and is 
largely due to L. S. Hobbs and the other engineers of that 
organization. Also, certain of the methods of calculating 
propeller power have been in use by them for some time. 

The engine manufacturer sets upon the operation of the 


1 See Variable-Pitch Propellers, by F. W. Caldwell; S. 
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December, 1929, p. 656. 
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Fig. 1—Illustration of the Relative Rates of Decrease 
with Inereasing Altitude of Engine Power and Airplane 
Speed for Two Engines and Airplanes 
e ¢ are calculated for an airplane which ha 
ceiling of about 20,000 ft with the unsupercharged e1 
gine The airplane peed seen to fall off at altitud: 
Luc less fast than the engine power. The pair 
urve it the right show how, if the power were co! 
tant up to 10,000 ft., the maximum airplane speed 
eve flight would increase 10 per cent above critica 
titude both power and speed decreas in the norma 
manne! for fixed-pitch propeller 


supercharged engine limits which bear only an experiential 
resemblance to the old maximum-power ratings and cruising 
recommendations. The first limit is engine speed, because 


this factor plays such an important part in the dynamics, 


strength and valve performance of the engine. The second 
limit is brake mean effective pressure, because it, in combina- 
tion with engine speeds, defines the brake horsepower of the 
engine; and also because, more than any other single con 
venient factor, brake mean effective pressure is a criterion of 
the approach to the strength and cooling limits. Ordinarily, 
two sets of such limits are given, one for continuous and one 
for short-time operation; that is, one for cruising and the 
other for take-off, climb and maximum speed 

Fig. 3 shows a set of curves illustrating the actual tull 
throttle power of the engine having a critical altitude of 
10,000 ft., and against the same ordinates are plotted the con- 
tinuous and short-time limits of operation. Suppose this en- 
gine were rated at 500 b.hp. at 2000 r.p.m. at 10,000 ft. If 
it were opened wide at sea level, it would develop 720 b.hp. 
at 2000 r.p.m., Or 144 per cent ol its rated power. At 20,000 
ft. it will give only about 330 b.hp., or about 66 per cent of 
its rated power. Whether or not these powers may be used 
in flight is determined from Fig. 3 by noting whether the 
power and speed lie within the boundary limits set by the 
manufacturer. At any one altitude the full throttle power 
is drawn as a line of constant brake mean effective pressure 
against engine speed. 

It is realized that similar curves obtained on an engine 
dynamometer usually show a slight increase of brake mean 
effective pressure as the speed is decreased from the rated 
value; but it is remembered that these tests were made with 
a purely arbitrary relationship of intake-manifold pressure to 
engine speed, which is not at all that holding in full flight; 
for, in flight, a reduction in engine speed is accompanied by 
a decrease in air speed, which, with many of the types of 
intake air-scoops in use today, results in a not negligible 
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decrease in ramming head. This phenomenon does not affect 


part-throttle operation, because there the engine puts out only 
as much power as the propeller allows. Also, the portion of 
these curves lying beyond rated engine speed will be used 
in the ensuing analysis only as construction lines; therefore 
the straight line is considered a reasonable approximation. 
The Fig. 3 chart shows several points of special interest for 
the airplane and propeller. The engine power is different at 
the diflerent altitudes, but the limits of operation are the same 
for all altitudes. There is some justice in the engine argu- 
ment that the brake mean effective pressure boundary should 
be lowered for the lower altitudes (air temperature and pres- 
sure rise); and there is also justice in the airplane argument 
that it should be raised at sea level, because at take-off as 
much power as possible is needed for only a very short time. 
A consequence of permitting the same brake mean effective 
pressure for continuous operation at all altitudes is that the 


engine may be cruised at full throttle at the stated speed 
beyond some altitude. 


New Possibilities 


This brings out a possibility of engine and propeller oper- 
ation which it 1s believed has not received sufficient attention 
from those who are interested primarily in certain items ot 
airplane performance. It was first brought to our attention 
by G. J. Mead, director of research of the United Aircraft & 
Transport Corp. At a given power, not only maximum air- 
plane speed but also cruising speed, or economy at a given 
air-speed, improve as the height is raised. The normal choice 
of propeller for an engine having a sea-level critical-altitude 
is such as to absorb cruising power at the cruising number 
ot revolutions per minute at sea level. At altitude, this pro- 
peller is too small to absorb all of the rated power for con- 
tinuous operation; whereas, if the best propeller were used, 
tull cruising power could be obtained and the airplane speed 
would increase considerably. It is possible with a multiple- 
pitch propeller to obtain from a sea-level engine the same 
cruising speed up to a certain altitude as would be obtained 
from a supercharged engine having that critical altitude. 
Provided maximum speed were not important and the per- 
formance at sea level were satisfactory, the sea-level engine 
would be preferable because the lessened power required to 
drive the blower would improve fuel consumption and would 
permit the engine to work less hard at the specified brake 
mean effective pressure. This question will be discussed 
numerically later in the paper. 

Another point of interest about Fig. 3 is that the most 
power allowed for continuous operation is 75 per cent of that 
for short-time operation and that this power occurs at an 
engine speed of about 91 per cent. That this relation between 
cruising and maximum power and speed is cubic, or on the 
propeller-load curve, is not an accident but is a hangover from 
the days when the choosing of a propeller was a relatively 
straightforward process. Now that, as will later be made 
apparent, a single-pitch propeller fails to get the most out of 
a supercharged engine and so the whole problem is made 
more complex, the fact is evident that these relationships 
may be something quite different and should be based pri- 
marily on engine reliability. In practice, the fixing of these 
boundaries is and should be a function of the particular model 
of engine and airplane. It is to the advantage of everybody 
concerned that the boundaries be flexible so that the most 
may be had in airplane and engine performance, although 


this greatly complicates the process of deciding upon the 
propeller. 

Propeller-Power Absorption and the Propeller-Load Curve. 

-In the ensuing discussion an effort will be made to present 
a convenient method of determining the approximate amount 
of power that a propeller will absorb under the different 
conditions of flight. Very little attention will be paid to 
propulsive efficiency, partly because that is in itself a long 
and separate study and partly because the first difficulty with 
these engines is to choose a propeller which will allow the 
desired engine power to be absorbed. The method of a 
so-called complete performance calculation—construction of 
power-required and power-available curves—will not be used; 
for it frequently happens that “exact” methods of analysis 
obscure by their complexity the most important facts while 
increasing accuracy by a negligible amount. Instead, the 
discussion will be restricted to a relatively short method of 
finding about how much power a propeller will absorb under 
various conditions. 

In general, the method consists of choosing a propeller to 
absorb rated power at rated engine speed. The relation be- 
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Fig. 2—Average Decrease of Full-Throttle Engine and 
Propeller Speed in Level Flight at Altitude 


This curve is an average of many obtained from flight- 
test data on engines having a sea-level critical altitude. 
The shape of this curve varies with engine, propeller and 
airplane characteristics. Absolute ceiling is used as a 
parameter because it is convenient; but, in general, 
curves for airplanes with high ceilings will lie to the 
left of the average and those with low ceilings to the 
right. 
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tween power and other rotational speeds in level flight at the 
design altitude is found from the propeller-load curve. The 
engine is, then, for purposes of calculation, assumed to be 
operated at full throttle in level flight at other altitudes, and 
the speed at which it will turn is found from Fig. 2. The 
propeller-load curve is then used at the other altitudes to find 
how much power the propeller will absorb within the limits 
of operation. 

The propeller-load curve will now be discussed in detail. 
Such a curve is supposed to show the amount of power which 
a given propeller will absorb at various rotational speeds. 
One propeller-load curve applies only for one pitch-setting at 
one altitude in one air-speed regime, level flight; and other 
means must be found for shifting it to account for variations 
in pitch setting, altitude and full-throttle air speed. It is 
based on the equation 


P= Cp Ne DS (1) 
where 
P = power absorbed by the propeller 
Cp =a power coefficient 
p = air density 
N = rotational speed of the propeller 
D = propeller diameter 


When diameter and density are constant, P 
Cp is constant, then P a 


C,N?3. If 
N®, which is the equation of what 
is usually called the propeller-load curve. If Cp increases as 
the throttle is retarded from wide open, more power will be 
absorbed and the last equation will be inaccurate unless an 
exponent smaller-than 3 is used. Similarly, if Cp decreases, 
the exponent should be larger than 3. Actually, of course, 


continued use of the simple exponential form of the equation 
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Fig. 3—Engine Power Output and Limits of Operation 
of an Engine Having a Critical Altitude of 10,000 Ft. , 


In actual practice the ordinates would be given as brake 


horsepower and number of revolutions per minute in 
stead of percentages of maximum rated. The slanting 
lines show the maximum power which the engine could 
give at full throttle at the five altitudes. This engine, 


however, has a critical altitude of 
engine manufacturer states that it must not be allowed 
to develop full power at altitudes below critical The 
limits of operation are shown by the shaded and hatched 
lines The boundaries for continuous operation show 
that, for cruising, the engine must never exceed 91 per 
cent of the maximum rated speed or 75 per cent of the 
maximum rated power. The cruising powers permitted 


10,000 ft. and the 


at speeds less than 91 per cent of the maximum rated 
are given by the slanting boundary, which is in this 
case a line of constant brake mean effective pressure 


The boundaries for short-time operation are similar ex- 
cept that they apply for such performance conditions as 
take-off, climb and maximum speed 
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is no than a 


more convenient 


approximation, because the 


relationship is much more complex than that. 


The power coefficient Cp is a function of each of the fol- 


lowing parameters: average geometrical pitch of the propeller, 
or blade angle; V/ND, wherein V air speed; and scale, 
that is, Reynold’s number and air speed over the blade. Large 
scale wind-tunnel tests show that, within the air-speed regime 
under discussion, Cp becomes smaller with decreasing blade 
angle and tip speed but becomes larger with decreasing 
V/ND. Let us see what happens to each of these parameters 
as the engine is throttled in level flight. 


Fig. 4 shows the empirical relationship between airplane 


and engine speeds in level flight. It may be used for esti 


mating cruising speed; incidentally, it furnishes a simple 
method of checking advertised speeds. The air speed is seen 
to tall off a little faster than the engine speed; in other words, 
there is a slight reduction in V/ND. Except for the special 
propeller effects to be discussed shortly, this parameter would 


remain absolutely constant if it 


that 


air speed. 


tor the 
airplane induced drag increases with decreasing 
Then power required would vary as V* 
would vary as N” 


were not Tact 


and the power used 
hence, the ratio ot V to N would remain 
constant, propulsive efhciency also being constant. However, 
V/ND does become smaller; so, on this account, we should 
expect Cp to increase and the exponent in the propeller-load 
equation to be less than 3. 


As the speed of an airplane is reduced in level flight, its 


angle relative to the free airstream increases. This causes the 


propeller at low air-speeds to be yawed—that is, operating at 
an angle to the airstream; but recent N. A. C. A. large-scale 


wind-tunnel data that and 


eftect upon the propeller power coefficient. Of course, 
the velocity of the air 


indicate this has but a slight 


erratic 


over the blade decreases almost in 
direct proportion with the rotational speed. This lowers Cp 
for a given blade-angle and V /ND, but the effect is not large 
unless the tip speed is reduced from beyond a critical value 
ranging around 1000 ft. per sec. for the type of propeller now 


in common use in this Country. 


Blade Angle Important 


Because of its magnitude and the difficulty of predicting 
it, the most serious of all these effects is blade angle. All of 
the metal airscrews in use with high-powered engines are, in 
reality, not single-pitch, but variable-pitch propellers. Under 
the relatively large air loads now being imposed on a single 
blade, it deflects to an extent which can no longer be con 
sidered negligible. Some twisting action, which is surely 
slight for the propeller load curve, results from the forward 
center-of-pressure movement accompanying the reduction in 
V/ND. Some more comes from that movement resulting 
from the reduction in velocity. Probably most of the twist- 
ing is due to the decrease in thrust. This effect is easily 
realized by visualizing a propeller blade anchored at its base, 
with the resultant air force—mostly thrust—applied at an 
angle so that, when the blade deflects, it tends to increase 
the pitch progressively as the tip is approached. This 
phenomenon is further complicated by the action of centrif- 
ugal force upon the distorted blade. The thrust displaces the 
center of gravity of the blade elements from the plane of the 
propeller disc; then the centrifugal force tends to replace 
them into that plane. Propeller rotational speed is thus one 
of the variables affecting blade deflection. 

The simple propeller-load equation is, then, only a rough 


approximation. We should expect the approximation to be 
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Fig. 4—Empirical Relation Between Airplane and Engine 
Speeds at Part Throttle in Level Flight at One Altitude 
With Fixed-Pitch Propellers 
These data were obtained from flight tests at sea level 
on various engine-propeller-airplane combinations. The 
uppermost curve is for a freak case, a wooden propeller 
having at maximum speed a high tip-speed. The others 
are for conventional aluminum-alloy propellers. Since the 
airplane speed falls off faster than the engine speed, 
V/ND decreases from the constant value shown by the 
dotted line. When propeller-blade deflection is neglected, 
calculated cruising speeds lie between this dotted line 
and the group of metal propellers. 


closer to an exponent less than 3 in cases where the airplane 
induced drag is a large proportion of the total at top speed, 
the power absorbed by each blade is low, and the propeller 
blades are stiff. Conversely, when the airplane has general 
high performance, flexible blades and high power per blade, 
we should expect the power on the propeller-load curve to 
vary as the N to an exponent greater than the cube. 

That the cube curve is only an approximation has long 
been understood by aeronautic engineers. But, now that the 
trends in design are toward greater engine power and more 
flexible blades, the uncertainty surrounding these effects is 
becoming serious. The airplane-performance estimator finds 
that flight-test cruising-speeds at given proportions of the 
rated engine speed are less than the calculated values; the 
engineer for the engine finds that cruising fuel consumptions 
do not check laboratory calibrations; and he who has to 
predict propeller power-absorption with  throttle-stopped 
engines knows, or soon finds out, that at present the only 
way to determine these things is to try them out in flight. 

Probably one reason that more is not known about the 
deflection of blades is that it is thought that they do not 
influence greatly the characteristic in which we are most 
interested; that is, maximum propulsive efficiency. The 
adaptation of the type of propeller in which the pitch angle 
can be set rapidly has made it less necessary to have this 
information for purposes of propeller design. Considerable 
data at static conditions have been collected at Wright Field. 
Some large-scale wind-tunnel work has been done on the sub- 
ject and more is needed. A great amount of empirical infor- 
mation is being acquired, especially through the more exact 
knowledge of engine power in flight which recent engine 
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research has developed, such as the measurement of engine 
power by means of intake-manifold pressure. 

For the purpose of illustrating some main principles of 
propeller power absorption below critical altitude, however, 
we shall use the cube relationship between power and revolu- 
tions throughout this paper, even though we know that the 
exponent may be as much as 10 per cent greater or less than 
3 iM various cases. 

Engine Power and Fixed-Pitch Propeller Power below 
Critical Altitude by the Analytical Method ——When a fixed- 
pitch propeller is chosen to allow the engine to develop rated 
power at rated engine speed at critical altitude, a loss in the 
power available for maximum speed at sea level results from 
a limitation of the brake mean effective pressure at all alti- 
tudes below critical. An equation will now be derived which 
shows the approximate engine power at maximum speed 
which is available with fixed-pitch propellers below critical 
altitude when there is a specified allowable brake mean 
effective pressure. 


Let 
BHP tho = brake horsepower at sea level with the 
engine throttled to the bmep limit 
Ntho = engine speed at BHP tno 
BHPmca = maximum brake horsepower at critical al- 
titude 
Nmca = engine speed at BHP mea 
BHPmo = power which the engine would give at 
sea level if it were opened wide 
Nmo = engine speed at BHP mo 
f (H) = ratio of the full-throttle engine power at 
critical altitude to that at sea level at the 
same engine speed 
bmep = brake mean effective pressure for BHP,,, 
d = engine displacement, in cubic inches 


If the engine were opened wide at sea level, it would over- 
speed by an amount which would be about that shown in 
Fig. 2; that is, Nmo/Nmea is the reciprocal of the value read 
from this chart. The altitude power factor, f (H), may be 
obtained from the foregoing N. A. C. A. reference; Report 
No. 295. 

Assuming that the engine gives constant brake mean ef- 


fective pressure at any one altitude at full throttle, which is 
accurate enough for this range: 








Bua. — (Nees) a 
BHP we \N,..J\f (A) 

At part throttle in level flight at one altitude: 
BHP,,, _ (Na)? an 
DHE... Wie 


By definition: 


bmep X Ny, X d 
We = ihe 
- = 792,000 (4) 


Combining these three equations yields 


BHP,,, = (mex use 2 2 Gas ) (sae ) (5) 
\ 792,000 N BHP 


mca mca 











Ntno may be found from either Equation (3) or Equation 
(4). If the brake mean effective pressure at sea level is equal 


to that at critical altitude Equation (5) becomes shorter as 
follows: 


N ae 
BHP,,, = (F2~)BHP ann Vv f(A) (6) 


Equation (4) makes it evident, since the full-throttle 
engine-speed ratio is not. far from unity, that under these 
conditions the loss in engine power at sea level is consider- 
able. Not only is it necessary to throttle back at sea level 
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from the full power which the engine would develop to the 
same power as was had at critical altitude, but with a fixed- 
pitch propeller it is necessary to reduce the power about one 
third as much again to obtain the specified engine-operating 
conditions. 

various critical altitudes is 
shown graphically in Fig. 5 for an airplane having a ceiling 
of 20,000 ft. with the unsupercharged engine. 
varies but little with airplane characteristics. By making an 
estimate of what this loss means in airplane maximum speed 
and by comparing it with the gain due to raising the critical 
altitude, we find that each per cent of gain in maximum 


The amount of this loss for 


This curve 


speed at critical altitude is accompanied by a loss in maxi 
mum speed at sea level of roughly 0.5 per cent. In practice, 
however, the loss is often not as great as this because the 
propeller, being elastic, reduces its pitch during the throttling 
process and allows the engine to develop its brake mean ef 
fective pressure at a higher rotational speed. The loss will 
vary slightly with ceiling but not nearly so much as it will 
with the assumption for the propeller-load curve. Incidentally, 
all of the preceding and the immediately following analysis 
may be carried through with equal facility when, tor a par- 
ticular case, it is advisable to use a variation other than the 
cube for the propeller load curve. 

Comparison of Power Three Propellers, 
Using Graphical Methods——A more flexible method of esti 
mating power and speed may be had by plotting the curves 


{bsorption of 


defining propeller power absorption at given rotational speeds 
upon the chart of illustrate the 


graphical method, a comparison will be made of the propor 


engine characteristics. To 
tion of the power of the engine of Fig. 3 which is made avail- 
able at altitudes by three different propellers. 

Fig. 6 is the same as Fig. 3 except that propeller-load 
curves have been added. The heavy dash lines show the 
power absorbed at three altitudes by a propeller chosen to 
absorb rated engine power at rated engine speed at the critical 
altitude of 10,000 ft.; the heavy dot-and-dash lines are for a 
propeller chosen for sea level. 

Consider first the critical-altitude propeller, designated as 
Propeller A in Fig. 6. If the engine were held wide open 
from 10,000 ft. on down to the ground, the propeller would 
allow the engine to over-speed by an amount which is, accord 
ing to Fig. 2, about 2 per cent; and on the way down the 
number of revolutions per minute would increase as shown 
by the lightly dashed line. At 


altitude, the speed would decrease. 


altitudes above the critical 
The points where this 
line crosses the engine-power curves indicate the engine power 
and speed at full-throttle maximum-speed in level flight at 
the various altitudes. The propeller-load curve originating at 
each of those points gives the power absorbed by the propeller 
in level flight at part throttle. Strictly, the shape of the load 
curve varies with altitude, but it here from the 
same equation as the sea-level curve. The points where the 


is drawn 


propeller-load curves intersect the boundaries give the powers 
and speeds permitted by the engine manufacturer for short- 
time and continuous operation under the stated limits of 
brake mean effective pressure and engine speed. The power- 
absorption characteristics of this propeller are too great for 
any altitude except critical; which, for a given family of 
propellers, means that it is either of too large a diameter 
or has too great a pitch. Below critical altitude this pro- 
peller prevents the engine from developing full power on 
account of the brake pressure limitation. 
Above critical altitude also there is a slight reduction in power 
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Fig. 5—Loss in Maximum Engine Power at Sea Level 
from the Rated Power at Critical Altitude with Fixed- 
Pitch Propellers and Constant Brake Mean Effective 
Pressure 
I quently operation of a ipercharge 
w critical altitude limited by tl ! 1 Oo 
ce mean effective pressure to the ime a Wa had 
I il altitude = causes a drop in engine peed at 
ground if a fixed-pitch propeller, set for maximun 
d at critical altitude, i used. The los n engine 
ed at constant brake mean effective pressure 1 
ngine power All of these condition ipply 
r maximun peed in level flight 
| , , 1 ' 
because the propeller will not allow the engine to turn at 


rated speed. 
The dot and-dash set ol load curves represents a smaller 
Propeller B, with This 


propeller was chosen to develop rated power at rated speed 


propeller, a lower pitch-setting. 


at sea level, and its curves were drawn in the same manner 
the other. Each of 
the boundary lines on the revolutions per minute side at a 


as those of these load curves intersects 


power less than the engine can develop at that altitude; 


that is, the engine has to be throttled to avoid over-speeding. 


The 


45 per 


engine powers which can be utilized by these two propellers. 


Oss IN power amounts to 28 per cent at and 


Table 1 shows a comparison of the 


10,000 It. 
cent at 20,000 ft. 


\n intermediate propeller would suffer a smaller loss below 


critical altitude—likewise due to the effective 


than the critical-altitude propeller and a 
smaller loss above critical altitude than the sea-level propeller 


brake mean 


pressure limitation 


due to the revolutions-per-minute limitation—but would be 


worse than either of the others at the altitudes for which they 
were C¢ hose Nn. 


_— , 
It is evident that single-pitch propellers cause serious de 


creases in engine power, and likewise in airplane speed, when 


used with engines that have critical altitudes above sea level. 


Propellers are now commercially available which permit the 


use of more than one pitch. Some of them operate in such a 


way that the pitch settings can be chosen to give the best 


combination of 


power-absorption characteristics. For in 
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Table 1 


Condition of Propeller Choice 


Airplane Speed Maximum 


Engine Power Available, per cent of 
rated, power at: 

Sea Level 

10,000 ft. 

20,000 ft. 


stance, a two-position-pitch propeller having its blade angles 
set according to the two preceding propellers would give at 
each altitude the most power shown in Table 1 for either 
of them. It is desirable to have available some simple and 
rapid method of comparing the powers utilized with many 
different pitch settings. An expansion of the method just 
explained will be used to estimate the characteristics of a 
propeller intermediate between Propellers A and B. 

Fig. 7 is the same as Fig. 3, but with a whole family of 
propeller-load curves superimposed on the engine character- 
istics. Each of the load curves represents propeller power at 
one altitude for one blade angle for one air-speed regime. 
Having chosen a propeller for one altitude, it is possible to 
find its power absorption at other altitudes by the method 
used for Fig. 6. Suppose that a propeller has been selected 
which absorbs rated power (100 per cent) at rated engine- 
speed (100 per cent) at 5000 ft. and that the limiting powers 
and engine speeds are desired for other altitudes. Follow up 
the load curve starting at that point until the maximum 
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Fig. 6—Relation between En- 
gine Power Output and Pro- 


Speed at Critical Altitude 
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engine power at 5000 ft. is met (full-throttle level-flight con- 
ditions at that altitude); follow the dotted curve until some 
other altitude is reached (estimate of full-throttle level-flight 
conditions at the new altitude); follow down the propeller- 
load curve originating at that point until it intersects the 
boundaries. By repetition of this process it is possible to con- 
struct quickly a table of brake horsepower and revolutions per 
minute at various altitudes for one pitch-setting. Correspond- 
ing values for other pitch settings may be found simply by 
starting with a different propeller and repeating the process, 
remembering to draw new full-throttle-at-altitude curves for 
each pitch-setting. In Fig. 7 the case for a pitch-setting inter- 
mediate between the two propellers of Fig. 6 has been drawn. 
The numerical value of the pitch is of little importance, 
because that will be determined by flight tests. This pro- 
peller is defined as absorbing rated power at rated speed at 
a 5000-ft. altitude. The engine powers and speeds obtained 
with it are given in Table 2, the engine powers of which are 
comparable with those of Table 1 for Propellers A and B. 
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was chosen to develop rated d 
power at rated speed at 10,000 a 
ft. If the engine were opened o 
wide at altitudes below critical a. 100 at 15,000 
altitude with this propeller, it 
would over-speed as shown by 90 
the finely dashed curves and 
would have to be throttled down 
the propeller-load curve until 
the boundary limits of opera- 80 at 20,000 


tion were reached. The parts 
of the propeller curves which 
lie outside the boundary limits 
for short-time operation may 
be considered as construction 
lines. The curves for Propeller 
B are similar except that this 
one is chosen to develop rated 
power at rated speed to level 
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these fixed-pitch propellers are 
entirely satisfactory at all al- 
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Condition of Propeller Choice 


Airplane Speed 


Speed at 5000-ft. Altitude 


Maximum Cruising 


Engine Power/Engine Speed, per cent of rated at: 


Sea Level 
5,000 ft. 
10,000 ft. 
15,000 ft. 
20,000 ft. 


This method of writing power and speed as ratios of the 
rated value and filling the chart with a family of propeller- 
load curves has the advantage that, when duplicate prints 
have been made, the characteristics of any particular engine 
may be plotted upon one of them and the solution carried 
through without constructing new propeller curves. 


Powers and Cruising Speeds with Seven Propellers on a 
Sea-Level Engine, Using Variable-Pitch Propellers—A par- 
ticular problem will now be briefly investigated by the use of 
these methods: How, and by how much and with what 
sacrifices, can the cruising speed of an airplane be raised 
solely by changing the operation of the propeller? This ques- 
tion is discussed here primarily as an illustration of this 
method of estimating propeller-power absorption, but it is 
thought that the answer should be of some general interest. 

It is assumed that an airplane having an engine which 
may develop its full power of 475 b.hp. at 2100 r.p.m. at 
sea level must have as high cruising speeds as possible. It 
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92/92 
100/100 
86/100 
71/100 
60/100 


70/84 
75/91 
64/91 
53/91 
46/91 


is desired to emphasize the maximum cruising speed at any 
altitude without causing an excessive reduction in cruising 
speed at sea level. Suppose that only one propeller-pitch set- 
ting is used for all the cruising speeds because, for instance, 
one pitch of a two-position controllable propeller is necessary 
to assure satisfactory take-off; also, climb, maximum speed 
and ceiling do not matter. The shaded boundaries in Fig. 8 
show that the maximum engine power permitted by the 
manufacturer for continuous operation is 300 b.hp. at 1800 
r.p.m. The boundaries at other engine speeds are drawn in 
a purely arbitrary shape to emphasize the fact that limits of 
operation may be peculiar to each engine and are set at the 
discretion of the powerplant engineering. The one set of 
boundaries is taken as applying at all altitudes, although 
separate sets may for other engines be specified. 

The problem is to estimate how the propeller should be 
chosen; that is, to compare the cruising engine powers and 
airplane speeds at altitudes available with propellers set at 
different blade angles. 







fat Sea Level Fig. 7—Illustration of an Ap- 
proximate Method of Estimat- 


ing Engine Powers and Speeds 
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propeller pitch 100 per cent 
rated engine power is absorbed 
at 100 per cent rated engine 
speed at 5000 ft. This is less 
power than the engine could 
give at 5000 ft. and if the 
throttle were opened wide in 
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this pitch setting would allow 
the engine to turn at full 
throttle in level flight at other 











altitudes are shown by the dot- 
ted line. Wherever this line 
crosses an engine-power curve, 








a propeller-load curve origi- 
nates. That propeller-load 
curve shows the power which 
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the propeller will absorb in 
level flight at that altitude at 
part throttle, and its intersec- 
tion with the boundaries show 
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the permitted power and speed. 

The arrows show the process 

of such an estimate of power 

absorption and the dots are the 
result. 
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} Fig. 8—Example Showing the Estimation of the Power Absorbed by Seven Propellers 


' The engine-power curves are for one engine at full 

throttle The dotted curves show the power character 
| istics of seven propellers at full throttle in level flight at 
various altitudes. These propellers are chosen to develop 
maximum power at 8000 ft. at engine speeds of 100- 


The method used is that previously described. The full 
throttle engine-powers at five altitudes are drawn as full lines 
in Fig. 8. The dashed lines are propeller-load curves drawn 
at random intervals. Seven different propellers will be esti- 
mated, each chosen at 8000 ft. in level flight to absorb full 
power at equally spaced intervals between 1600 and 2200 
r.p.m. A reason why this way of choosing and designating 
the propellers is used is because it is one which could be used 
in a flight-test check of the calculations without taking an 
excessive amount of power from the engine. The dotted 
lines represent the approximate engine speeds—and powers— 
which will be obtained in full-throttle level flight at other 
altitudes. These were drawn from Fig. 2, assuming that the 

airplane with the propeller chosen for 1800 r.p.m. has a 
ceiling of 20,000 ft. 


The maximum engine powers and speeds which are per- 
mitted for cruising with each propeller at all five altitudes 
may now be simply read from the chart as follows: For each 
one of the propellers at sea level, the dotted line intersects 
the full-throttle-engine power-curve, at which point the sea- 
level propeller-load curve originates. Follow the latter down 
until it crosses a boundary limit, and there read the allowable 
brake horsepower and revolutions per minute for cruising at 
sea level. Return to the origin of that propeller-load curve 


r.p.m. intervals from 1600 r.p.m. to 2200 r.p.m.. Ac- 

cording to the method explained under Fig. 7 and pre- 

ceding charts, the cruising engine powers and speeds can 

be read from Fig. 8. The results are tabulated in Table 
3 and plotted in Fig. 9. 


and go up the dotted line to the next altitude; follow down 
the propeller-load curve originating under the full-throttle 
conditions at the new altitude until it intersects the boundary 
limit and read the allowable brake horsepower and revolu- 
tions per minute for cruising at that altitude. After the full- 
throttle curve comes within the boundary, the conditions of 
operation are found directly on the engine curve, because 
the propeller will not allow the engine to exceed its limits. 

The maximum permissible cruising engine powers and 
speeds are shown in Table 3 for each of the seven propellers 
at each of the five altitudes; and the powers are plotted 
against altitude in the set of curves on the left of Fig. 9. The 
dash-line portions of the curves indicate the conditions 
under which the power is limited by the brake mean effective 
pressure; for the dotted portions of the curves, the power is 
limited by the engine speed; and for the full-drawn lines, 
the power is limited by the fact that the propeller is capable 
of absorbing more power at the maximum permissible speed 
than the engine can put out. As the altitude is increased, the 
restricting factor ceases at 300 b.hp. to be brake mean effective 
pressure and becomes revolutions per minute when the b.hp. 
limit is met below about 8000-ft. altitude and engine power 
when the b.hp. limit is met above 8000 ft. This altitude 
is a limit, because there the engine will just give 300 b.hp. 
at 1800 r.p.m. 
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Table 3.—Cruising Engine Speeds and Engine Powers Available with Seven Propellers. 


These data were read from Fig. 8. 


Altitude, Ft. 


(B.Hp./R.P.M.) Available with the Seven Propellers 


0 4000 8000 12,000 16.000 
Propeller Set at 8000 Ft. 
To Absorb Full Throttle 
Power at Speeds of: 
R.P.M. 
1600 255/1460 260/1520 265/1540 225/1570 185/1500 
1700 260/1520 265/1590 275/1680 240/1660 195/1600 
1800 265/1580 275/1670 300/1790 255/1760 210/1700 
1900 270/1560 290/1770 275/1800 245/1810 225/1810 
2000 285/1740 280/1800 250/1810 225/1810 200/1820 
2100 290/1800 255/1800 230/1810 205/1820 185/1830 
2200 265/1800 235/1810 210/1820 190/1830 170/1840 








It is evident from these curves that wide differences in 
power at altitude can be obtained by choosing different pro- 
pellers. The airplane cruising speeds with these propellers 
have been estimated and plotted on the right side of Fig. 9. 
The speed curves are only a first approximation, because the 
propulsive efficiency has been assumed the same for all pro- 
pellers. The airplane-speed curves are of the same general 
character as the power curves. The cruising speeds of all 
propellers are given as percentages of the speed which would 
be obtained at sea level with the propeller chosen to operate 
the engine in the normal way; that is, to absorb 300 b.hp. at 
1800 r.p.m. at sea level. From Fig. 8 we see that this pro- 
peller would turn at 2100 r.p.m. at full throttle near sea level 
and at about 2070 at 8000-ft. altitude and would, for cruising 
at that altitude, have to be throttled down to about 235 b.hp. 
This is corroborated by Fig. 9. The normal propeller would, 
then, lie between the 2000 and the 2100-r.p.m. propellers and 
would have at 8000-ft. altitude about 98 per cent of its sea- 
level cruising speed. The propeller giving the highest cruis- 
ing speed at any altitude is the 1800-r.p.m. propeller; at 
8200-ft. altitude it shows an 8 per cent gain over the best 
obtainable from the normal propeller and a 10 per cent gain 
over that propeller at that altitude. It does, however, suffer 
a loss of about 5 per cent in cruising speed near the ground. 


Speed-Power-Altitude Relationships 


It is worth while to note that an envelope curve could be 
drawn tracing the path of the best cruising speeds and powers 
obtainable at altitudes. This curve approximately would rep- 
resent conditions for a variable-pitch propeller which held 
the engine to the maximum permitted 300 b.hp. at 1800 
r.p.m. that is had below an 8200-ft. cooperative means of 
regulating the engine speed and the brake mean effective 
pressure. If a limited number of pitches were available, the 
simpler method could be employed of having the pilot follow 
a schedule of engine speed at cruising for various altitudes, a 
separate schedule being necessary for each pitch setting. The 
advantages of having more than one pitch for cruising speed 
at altitude are quite obvious from Fig. 9; and they are 
advantages of engine power rather than of propulsive efh- 
ciency. 

All of the immediately preceding discussion was on an 
engine whose critical altitude is sea level; that is, an engine 
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which can be run full throttle on the ground. Yet there are 
many aspects of its problems of operation which are identical 
with those of the supercharged engine that can be open wide 
only at some altitude above sea level. In fact, this engine, 
so tar as cruising speed is concerned, is the same or better 
than (because it does not have to spend as much power on 
a blower) the same engine would be with its critical alti- 
tude raised; but the more highly supercharged engine would, 
of course, furnish more cruising power above the altitude at 
which the less supercharged engine can no longer deliver 
maximum cruising power at cruising engine speed. For this, 
a not unusual case, that altitude is about 8000 ft., and at and 
below 8000 ft. this engine with the best fixed-pitch propeller 
furnishes substantially the same airplane cruising speed as 
would an engine having a critical altitude of 8000 ft. or 
more and having the same limits for continuous operation. 

This method of operating a sea-level engine appears to 
offer such advantages over the more usual method that it is 
advisable to look briefly into some of the disadvantages not 
already mentioned. First, the cruising speeds shown are 
merely first approximations, the propulsive efficiency having 
been assumed the same for all cases. A rough check of the 
values of V/ND at cruising speed will show that the ef- 
ficiencies of the seven fixed-pitch propellers do not vary great- 
ly under any conditions. What happens to the efficiency of a 
variable-pitch propeller under these conditions is another and 
longer story. As to continuous-operation performance at alti 
tude, the trend of the power curves in Fig. 9 indicates that the 
propeller for best speed at about 8000 ft. holds its advantage 
over the normally chosen propeller throughout the useful 
range of altitudes; at full throttle at high altitudes, however, 
this propeller holds the engine down to less power than the 
other, so its maximum ceiling will be lower. 

Another aspect of this question is that this propeller has 
almost no reserve power at and above 8000 ft., because there 
it cruises at practically full throttle, whereas the normal pro- 
peller may at 8000 ft. increase its power from 65 b.hp. less 
than the other to 50 b.hp. more. This would be of impor 
tance for flying over mountainous terrain. At full throttle 
in level flight near sea level this propeller permits the engine 
to turn only at about 1840 r.p.m., where its power is about 
415 b.hp., but the normal propeller absorbs the rated 475 
b.hp. at the rated 2100 r.p.m. The loss of power near the 
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ground is of great importance for reserve power, take-off and 
climb; and it is probable that, for many airplanes, especially 
those designed according to recent trends, this could be tole- 
rated only through the use of a propeller capable of having 
its pitch adjusted in flight to meet the particular condition 
or conditions most needed. The corresponding supercharged 
engine (assuming constant brake-mean-effective-pressure and 
revolution-per-minute limits) with such a variable-pitch pro- 
peller could not furnish more power on the ground than 
the sea-level cruising propeller obtains with a fixed pitch or 
than the 8000-ft. cruising propeller gives with an adjustable 
pitch. Also, the corresponding supercharged engine with a 
fixed-pitch propeller would give only a slight increase in maxi- 
mum power at sea level over that of the sea-level engine with 
the 8000-ft. cruising fixed-pitch propeller; but the safety factor 
of reserve power would be greater because of the possibility 
in extreme emergency of exceeding even the short-time limits 
of operation set by the manufacturer. 

Conclusion: Take-off and Climb.—The foregoing analyses 
have dealt primarily with maximum and cruising speeds, but 
it is obviously impossible to discuss the correlation of engine 
and propeller power without paying special attention to those 
propeller-performance problems which are now causing most 
of the trouble; that is, take-off and climb. Higher maximum 
and take-off airplane speeds, increasing critical altitudes, low- 
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er reduction-gear ratios, and the growing tendency to restric 
propeller diameters for weight or other reasons—all of these 
factors are making it increasingly difficult to secure adequate 
performance during the interval from the start of the take- 
off to the time the airplane reaches cruising altitude and 
speed. No attempt will be made here to treat these complex 
subjects exhaustively, but an approximate method of com- 
paring the engine powers available at take-off and climb 
with different propellers will be outlined. 

To estimate power available in climb, it is necessary to 
have some way of relating propeller and engine speeds to air- 
plane speed. For many years curves of this sort have been in 
use which give N/Nm versus V/Vm for full throttle at one 
altitude. It is desirable for calculations involving super- 
charged engines to have a more flexible method, one which 
can be used when changes in density, altitude and engine 
brake mean effective pressure are involved. 

Fig. 10 fulfils these requirements. That a curve may be 
plotted against these ordinates is shown by the following. 
The symbols have the same meaning as noted under Equa- 
tion (1), and the subscript m denotes the design conditions 
of the propeller. 
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Fig. 9—Cruising Engine Powers and Airplane Speeds with Seven Propellers on the Same Airplane and Engine 


The left group of curves was plotted from Table 3. It 
shows the power which is available for cruising from a 
certain engine when propellers with different power- 
absorption characteristics are used. The speed figures in 
number of revolutions per minute designate the pro- 
peller as under Fig. 9. The dotted portions of the curves 
snow that the propeller cannot absorb as much as the 
allowed power without overspeeding; that is, exceeding 
the number of revolutions per minute limitation. The 
dashed portions show where the power is restricted by 
the brake mean effective pressure limitation; and the 


full lines indicate that the engine, even at full throttle, 
cannot put out the maximum power at the speed at which 
the propeller allows it to turn. These power curves 
show that some propellers give much more power at al- 
titude than others, and the right group of curves gives 
a first approximation to the airplane cruising speeds 
which would be obtained with each. The normal pro- 
peller is assumed to be one which develops cruising 
rated power at rated engine spent in level flight at 
sea level. 
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The propeller power absorbed is equal to the engine power- 
output, which is proportional to engine speed and dmep. 
Hence, 

i. pear _ bmep N (8) 
‘Pm BHP  bme>m Nm 
When the propeller diameter is constant, 


and (8) can be mgs as follows: 


im bmebm |G (9) 


N m ma Pm bmep i 


Equations (7) 





When both sides of Equation (g) are multiplied by 
(VNm / VmN), the ratio of any V/ND to the design V/ND, 
it becomes: 

rR bmep, Pm - Lom V Nm (10) 
Tay Pm bme ft \ Cy } m N 
The left members of Equations (g) and (10) are the co 


ordinates of Fig. 10, and this method of plotting is valid if 


they are both functions of the same variable. The extent 
of the validity is disclosed by me assumptions necessary to 
make a Con Cp and of Con (VNm / Vm N) functions 


of one variable only. As not tea: under the discussion of 
the propeller-load curve, Cp is a blade angle, 
scale and V/ND. Neglecting changes in scale (tip speed), 
Cpym / Cp is a function only of the (VNm VmN) if the 
propeller pitch is constant. These approximations are ordi- 
narily made in a complete calculation. Fig. 10 takes into ac 
count blade deflection only is likely to have 
been included in test data. Actually, a different curve should 
be used for each blade-setting; but the error introduced by 
using one curve for all cases is slight in the climbing range 
and is probably less than the error due 
and changes in tip speed. 
have 


function of 


inasmuch as it 


to blade deflection 


Since the coordinates of Fig. 10 
assumed to be 


of the same variable (V Nm 


been shown or single-valued functions 
VmN), this method of plotting 
curve, for instance, computed for sea 
level and constant bmep. holds for other values of the radical. 


Fig. 10 is an 


is valid and such a 
curve drawn from a considerable 
amount of well-authenticated flight-test data, mostly on high 
performance airplanes with aluminumz-alloy propellers, and 
from calculations based on large-scale propeller wind-tunnel 
tests~. the flight tests the power was measured 
by means of an intake-manifold-pressure calibration of the 
engine. Analysis of the flight-test data showed that the 
scattering of the points at climb was considerable, but that it 
was greatly reduced by eliminating 


average 


For some of 


all propellers which had 
at top speed helical tip speeds in excess of the speed of sound. 

Calculations based on wind-tunnel data show that the rota- 
tional speed at which the engine should turn at low air-speeds 
is largely a function of the kind of propeller chosen; for 
instance, a propeller chosen to give the highest possible 
V/ND efficiency at maximum speed will turn faster at a 
reduced air speed than will a propeller chosen to give peak 
efficiency for its blade setting at maximum speed. The neces- 
sity is*thus apparent of assuming, not only a design series 
of propellers, but also a consistent manner of choosing pro- 
pellers. The use of such a system washes out of a propeller 
comparison many discrepancies which, on the basis of flight 
data, appear to be errors. Flight tests recently made by the 
United Air Transport Research Division on a number of 
propellers showed that the variation in the ratio of static to 
design revolutions per minute was rather less than would 





2See N. A.C. A. Report No. 351; Full-Scale Wind-Tunnel Tests of a 
Propeller with the Diameter Changed by Cutting Off the Blade Tips, by 
D. H. Wood, 1930. 
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Fig. 10—Variation of Engine and Propeller Speed with 
Airplane Speed for Fixed-Pitch Propellers 
Except for the 


tically the same as the 
full-throttle number of 


symbols under the radical, this is prac- 
familiar curve of the variation of 
revolutions per minute with air 
speed. It does, however, show larger losses in engine speed 
at very low airplane speeds. The shape of the curve will 
vary with propeller characteristics, the drop in number of 
revolutions per minute being less for propellers having a 
low design V/ND and still less when the propeller is too 


small. This curve was drawn from wind-tunnel and flight- 
test data. The use of the symbols under the radical it 

creases the range of problems to which this curve is ap- 
plicable Airplane speed is denoted by V propeller or 
engine speed, by N; air density, by p; and torque or 
engine brake mean effective pressure by bmep. The sub- 
script m denotes conditions for which the propeller was 
chosen. The symbols without subscripts are for any 

other flight condition 


have been expected from detailed calculations. The 
value of this ratio was 0.78, and that 
plotted on Fig. tro. 


average 
bottom point 
The slope of the curve up to climbing 
speeds is likewise taken from the flight tests. All of the pro- 
pellers showed a consistent gain in speed from static to around 
take-off, the average being 5 per cent at an air-speed ratio of 
0.3. Some of the calculated propellers showed more and some 
less than 5 per cent. 
Having obtained in Fig. 


is the 


10 a method of estimating engine 
and propeller speeds at reduced air-speeds, the next question 
is to find a logical way of comparing the powers in climb of 
the different propellers. The rotational speeds are directly 
convertible into engine powers at a known brake mean ef- 
fective pressure. Such a comparison should not be made on 
the basis of climb at the same speed ratio for all propellers, 
but should be made at a constant airplane speed for all pro- 
pellers for each altitude. The fact that flight tests and com- 
plete calculations both show that rate of climb does not vary 
greatly over a range of climbing air speeds has nothing to 
do with a comparison of this kind. The important thing is 
to discover which of the power curves lie above the others. 
This can be done by relating all of the air-speed ratios of the 
propellers under consideration to one of them, and finding 
from Fig. 10 the engine speed and power at some reference 
air speed of climb. The speed of climb must be chosen with 
some discretion; because, for instance, as the pitch of a pro- 
peller is reduced, the air speed at which it permits the engine 
to turn at rated speed is likewise reduced. Flight tests check 
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performance calculations in indicating that maximum rate of 
climb frequently occurs when the engine is permitted to turn 
at rated speed in climb. 

When the propeller is chosen primarily to improve take-off, 
however, it may over-speed in climb; and, if that pitch is 
used for climb, the engine must be throttled to the limit set 
by the engine manufacturer for short-time operation. A rea- 
sonable guess at the relative engine powers available in climb 
with such propellers can be made only by an extension of 
the method, such as plotting power against air speed and 
comparing the maximum differences between these and the 
airplane power-required curve, the best climbing air speed 
being permitted each propeller. 

It is fortunate that, usually, when improved take-off is of 
extreme importance, a separate pitch can be used for that 
condition only; so, it is not necessary to know the behavior 
of that propeller at high air speeds. The best propeller pitch 
for take-off is not the one which permits the most engine 
power at the start of the take-off, but is more nearly the one 
which turns at rated speed at the air speed of best climb; 
that is, at full throttle it does not exceed the limits of opera- 
tion at any time during the take-off. 


It is realized that many things which are allied to the 
problems of propeller power absorption have been omitted 
from this paper. Not the least of these is the question of 
what the propulsive efficiency of a propeller is under condi- 
tions and blade settings other than those for which it was 
designed. Most of them can be estimated by well-known 
methods, using V/ND and a power coefhcient and having 
due regard to tip speed, blade and body interference, and, in 
certain cases, blade deflection. 

The question of throttle-stops and the difficulty of piloting 
an engine-propeller combination which is subject to unusual 
regulation is another one which should be considered in 
choosing a propeller tor a particular installation. 

Another series of problems includes those involving the 
relative reliability of propeller calculations and flight tests; 
such as the determination of the sea-level engine-speed which 
will give the specified brake mean effective pressure for a 
supercharged engine. On this point it is recommended that 
some unified method be adopted, either by a stated series 
of calculations or, for greater accuracy, by flight tests on each 
type of airplane-engine-propeller combination with power 
measurements in flight. 


Automotive Good-Housekeeping 


UCCESSFUL business management recognizes that good 
housekeeping is essential. It is one of the prime factors 
in plant efficiency, low operating cost, safety, fire preven- 

tion, and in the health and morale of the worker. 

Cleanliness in garages is difficult because of the constant 
presence of grease and oils. If neglected, it will promote 
other careless habits, so that, eventually, all of the elements of 
good-housekeeping will be neglected. Some garage operators 
may have the mistaken idea that the cost of cleanliness does 
not justify the expense. They entirely overlook the monetary 
benefits that accrue trom clean and orderly plants. Their 
false economies will soon bring about increased operating 
costs, greater accident costs, larger insurance premiums and 
other losses which will absorb any savings. 

In maintaining a fleet of public-utility passenger and com- 
mercial vehicles, prompt and reliable service is necessary. 
This requires a large stock of repair parts, which must be 
easily identified and always available. A central-stores system 
with properly labeled bins and containers should be provided. 
This will keep inventories at the minimum, reduce capital- 
investment charges, save floor space, lower rental costs, save 
the otherwise lost time of the mechanics and improve the 
over-all efficiency of the organization. 

Materials, tools and equipment should be placed with due 
regard to location of the operations that require their use, 
thus saving the time of the mechanics and other workmen, 
and minimizing interference with other operations. When 
tools, material and equipment are safely arranged, the acci- 
dent hazard is reduced, floor space is saved and the likelihood 
of damage to material is greatly reduced. 

Marked aisles confine the operations and materials to their 
allotted space, discourage interference with other processes 
and reduce the accident hazard. Clean floors probably are 
one of the most important elements in good automotive 
housekeeping, as they reduce the likelihood that persons will 
fall and also improve the output. Grease and oil should be 


mopped up immediately. No workman can do a good job it 
he is required to lie on a dirty floor and work with greasy 
and dirty tools. 

Machine Shop.—All \athes and turning machines should 
have suitable containers placed beneath them to catch the 
turnings, and the grease and oil that may fall from them. 
Machines should be clean; if dirty, they are not only danger- 
ous but also a potential liability of greater repair bills and an 
increased amount of scrapped machine-work. 

Tire Shop—All new tires should be carefully piled and 
provision made to prevent the dust caused by buffing tires 
and tubes from falling upon the floor, as this substance is 
very slippery and creates an accident hazard. 

Body Shop—Racks for lumber of varied grades and 
lengths should be provided. Identification of the lumber is 
thus simplified and shifting the pile to find the piece required 
is not necessary. Shaving and sawdust-removal systems 
should be installed. 

Repair Department—Torn-down engines and their parts 
should be located inside the working area. An orderly ar- 
rangement of tools and equipment with designated storage 
places for them is important. Pans for crankcase and rear- 
end drainings should be available and conveniently located. 
Receptacles for scrapped engine parts should be placed con- 
veniently in the repair department. 

On trucks, particularly those used in public-utility work, 
there is special need for orderliness. These vehicles are the 
workshops of the line crews. 

Good-housekeeping is a function of executive management. 
It will not be successful unless supervisors and employes are 
constantly encouraged to practise it. Management should 
not hesitate to approve the expenditures necessary to maintain 
it. Occasional inspections, followed by commendation or 
criticism, are most helpful—From a joint report of the Motor 
Transportation and Accident-Prevention Committees, Penn- 
sylvania Electric Association, for the year 1931-1932. 
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Future for Low Pressure Tires 


Gradually Grows Brighter 


By Athel F. Denham 


EFINITE change is occurring in the attitude 

of car engineers toward low pressure tires, 
Mr. Denham states. Asked whether even larger 
cross sections than those now proposed might 
improve riding qualities, “44 per cent of the 
engineers questioned said ‘No’; 22 per cent 
said ‘Perhaps’; and 34 per cent voted ‘Yes’. A 
year ago the vote would have been virtually 100 
per cent in the negative.” 

Analyzing the reasons for this change in senti- 
ment, Mr. Denham discusses the factors of ap- 
pearance, riding qualities, traction, mileage steer- 
ing, blow outs, and costs as related to the low 
pressure tire problem. He cites specific experi- 
ences recorded by individual companies and en- 
gineers during the past year and summarizes 
current engineering opinion on each phase of the 
problem. 


HE Tire and Rim Association last year established 

recommended practices for two classifications of tires; 

semi-low pressures consisting of double oversizes, and 
“low pressure balloons” or triple oversizes; both of these to 
be mounted on either 16 or 15 in. rims. 

Whether or not the adoption of such tires is a step in 
advance in automobile design, or just an expedient to meet 
existing sales conditions may still be questioned by any one 
so inclined. In order that the first may be true it is essential 
that the larger tires, on their smaller wheels, with their lower 
pressures, contribute definite improvements in some direc 
tion or directions and that such improvements be brought 
about without sacrifice in any other direction. 

Even though, for original equipment purposes, the argu- 
ment has simmered down to tires representing, for the pres- 
ent ‘at least, nothing larger than approximately a triple over- 
size, it is still possible to find people who believe that 
low pressure tires are either a panacea for almost all the 


{Mr. Denham is field editor of Automotive Industries. This paper was 
read at the 1933 Annual Meeting of the Society.] 


ailments of a modern automobile, or an excellent means for 
spoiling a perfectly good car. 

The subject of appearance is always a moot point—among 
engineers particularly, probably because no one has yet 
evolved a formula for calculating it in a scientific manner. 
Indications so tar are that while there is a decided lack of 
unanimity, the majority of the driving public likes the looks 
of the larger section tires. It is also apparent that for car 
merchandising purposes, appearance is becoming a more im 
portant factor in capitalizing on the adoption of such tires. 


Riding Qualities 


When we come to riding qualities we are faced with the 
lack of definition for the term. This lack probably accounts 
for the many apparently contradictory experiences ot which 
I have been informed. I believe, however, that recent experi- 
ence has definitely indicated that generally better riding quali 
ties, and this includes roadability, cannot be obtained by the 
simple expedient of substituting the new tres for former 
equipment. A gain in one direction may be offset by losses 
in others. 

Sut even under conditions apparently the same there have 
been differences in riding quality experience among different 
companies. This would seem to lend emphasis to the con- 
clusion that the successtul adoption of lower pressure tires 
definitely involves other chassis design details. What will 
work on one car won't on another. More fundamental infor- 
mation is needed as to all the variables influencing riding 
qualities before such data as are available can be properly 
analyzed. It does seem, however, that as to the gains to be 
expected, the law of diminishing returns applies. The tires 
are more adaptable apparently to smaller than larger cars 
and gains even here will not be as great as when balloon 
tires replaced high pressures. 

There seems to have been a definite change in the attitude 
of passenger car engineers toward larger section tires. Ques- 
tioned as to whether they believe even larger cross sections 
than those now proposed might improve riding qualities only 
44 per cent said “No”, 22 per cent said “Perhaps”, and 34 
per cent voted “Yes”. A year ago the vote would have been 
virtually 100 per cent in the negative. 

It seems to be generally accepted that better traction is 
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obtained on gravel roads. On ice, on the other hand, a 
majority of engineers found that traction was somewhat less. 
This checks with the work carried on by Dr. K. W. Stinson 
at Ohio State University, who has found that traction on ice 
decreases with tire pressure, all other factors being equal. 
That the change is small, however, is indicated by the fact 
that some engineers stated that they felt there was some im- 
provement even here. A majority feels that on smooth roads 
and in snow traction is improved. Dr. Lemon points out 
that if traction is definitely greater, some of the wear and 
tear will probably be transferred from the tire to other parts 
of the car. His tests have shown approximately 7 per cent 
greater adhesion for the triple oversizes in deceleration tests 
on good roads. 

Top speed seems to be reduced slightly according to a 
majority of tests made with recommended inflations, and 
acceleration also seems to be slightly reduced. The amounts, 
however, are small particularly at the lower speeds. Over- 
inflation of the tires on the other hand, actually seems to 
increase top speed. 

Quicker stopping and starting ability has been found by 
less than half of those companies contacted. The greatest 
gain is found on gravel roads—consistent with the findings 
on adhesion. It is generally felt that traction increases are 
not sufficient to noticeably increase torsional braking loads on 
axles, etc. Perhaps, also, as has been suggested, the increased 
wind-up in the larger tires helps to compensate in this direc- 
tion. One company has found that maximum deceleration 
rate varied inversely with the tire size—more oversizing, less 
deceleration. 

It is generally felt also that with the 15 in. wheels, 13 in. 
brake drums represent about the maximum diameter per 
missible. This would indicate that for the larger cars brake 
design might have to be altered in the direction of smaller 
and wider drums, or else 16 in. wheels would limit the 
amount of oversizing permissible by limitations on overall 
tire diameter. 

Conflicting opinions exist as to behavior of the larger tires 
in skidding. On ice there seems to be no improvement. A 
majority, however, feels that cars do not skid as readily under 
other conditions, especially on turns. Forty per cent of those 
noting increased resistance to skidding find that a skid once 
started is harder to control with the larger tires. A point 
in favor of the larger tires in this respect may be that they 
would be more likely to climb a curb during a skid and 
therefore prevent what otherwise might be a broken wheel. 

Mileage 

It seems to be generally accepted today that the larger tres 

with the suggested pressures—will not exceed the con- 
ventional balloon as to tire mileage. With such percentage 
deflections, mileage according to the best estimates runs some- 
where around 80 to 85 per cent of that for standard balloons. 
It is believed also that the mileage of low pressure tires varies 
more with percentage deflection than in the case of con 
ventional balloons. Maintenance of air pressure in service to 
closer limits is therefore indicated as desirable, especially on 
the low side. With present designs of low pressure balloons, 
it seems to be general belief that to obtain mileage equal to 
that of present tires, pressures would have to be increased to 
a point where most of the potential riding quality gains 
would be lost. 

Changes in front axle and steering geometry seem to have 
corrected the condition of excessive unevenness of tire wear 


found in early experimental and field installations... Reduced 
wheel camber and toe-in seem to be indicated as desirable 
in this respect. 

An interesting test being conducted at present is a check 
on mileage of underinflated standard single oversize balloon 
tires in comparison with low pressure balloons of approxi- 
mately the same deflection rate. 

Some fundamental investigations seem to be indicated as 
desirable in connection with the relation of tread width to 
tire wear for the same tread pattern or patterns. However, 
such tests should be carried on in cooperation with automo- 
bile manufacturers as experience to date indicates that re- 
quirements in alignment and geometry desired may differ 
with tire types. One company finds more rapid scuffing with 
wider treads, another finds less when proper geometry is 
obtained and correct alignment secured. Similar conditions 
obtain with narrow tread tires, it seems. 


Steering 


Harder steering is commonly regarded as a major objec- 
tion to the larger section tires. When no other changes 
were made, one company found that the installation of 
semi-low pressure tires (double oversize) increased steering 
resistance 30-50 per cent while running and 100 per cent 
static. There seems to be some difference of opinion as to 
whether steering efficiency must be increased with double 
oversizes, but offhand it seems that changes become essential 
with a drop of five pounds or more in tire pressure. 

There are definite limits apparently as to the amount of 
reduction in steering effort that can be obtained through 
reduction in increases in steering ratio without introducing 
other objections, noticeably wander. 

Pulling in front wheels, and straightening up king-pins 
laterally has proved of help in one case by decreasing the 
amount of “lift”. Wheel lever-arm, that is the distance from 
center of tire contact with the road to the intersection of the 
king-pin with the road, seems to have little influence on 
steering ease. The lever-arm was actually increased in the 
case mentioned. Another company some of whose cars are 
fitted with low pressure tires at the factory has also increased 
the lever-arm and believes that stretching it to four inches 
would be of benefit both for steering ease and for tire mile- 
age. Such a move should also build up considerable re- 
sistance to front wheel shimmy. 

Narrow tread tires on the whole seem to show up better 
for steering ease, although some companies have not found 
a great deal of difference. 

An important consideration is the almost universal agree- 
ment that harder steering will require changes in drag link 
and tie-rod ends, king-pins, etc., to reduce wear and loosening 
in service. 

Nervousness 


The most serious complaint in connection with the lower 
pressure tires is increased front end nervousness. Agreement 
is universal that use of these tires inherently produces greater 
sensitivity to shimmy, although one company has found them 
less sensitive to tramp. It is debatable, however, whether 
the decreased tire pressure itself is the cause or whether a 
car with a predisposition toward nervousness is merely get- 
ting hysterics. This investigation has disclosed such incon- 
sistencies as one manufacturer curing a front wheel 
shimmy by increasing the throw of the kick shackle, while 
another achieved the same experimental result by locking it 
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out. One finds increased caster helpful, another reduces 
caster and shimmy simultaneously. 

More control for front shock absorbers to improve riding 
qualities with the low pressure tires seems to aggravate the 
shimmy problem. 
it is agreed. One company sets the maximum out-of-balance 
permissible at 15 oz. in. 


Wheel balance becomes more important, 


Closer control of front axle geometry 
in service also seems to be essential at present. 

Numerous complaints have been received from the field 
with regard to loosening of steering gear parts, mostly called 
to the owner’s attention by the introductiton of shimmy and 
tramp. Again it is a moot question whether such loosening 
has aggravated an inherent shimmy or tramp or whether 
these were the cause of the loosening. At any rate this 
serves as another indication that steering mechanisms in many 
cases could well stand stiffening if these tires are to be used. 
A slight clearance sufficient to permit a low speed shimmy, 
even if only of small amplitude, will accelerate wear at a 
rapidly increasing rate. 

Contrasted with this is the opinion of a majority of engi 
neers contacted that the friction in the 
steering mechanism for damping purposes is not essential to 
control shimmy, and that the elimination of clearance is the 
only gain achieved from such a course. One car manufac 
turer has found that the use of 


introduction of 


pre-loaded anti-triction bear 
ings in the steering mechanism not only helps to increase 
steering efficiency but also to correct 
troducing shimmy. 


“wander” without in 


Tire Noise 


That the low pressure tires are noisier on turns seems to 
be fairly generally accepted. It seems to be believed by a 
majority also that the tires are noisier for straight ahead 
running, especially on gravel roads and on brick pavements. 
Considerable difference in experience with different types 
of tires seems to indicate possibilities for noise reduction by 
further work with tread patterns on the part of the tire com- 


panies. Tread width may also have an effect on tire noise 





The author is indebted to the following 
for their assistance in furnishing data on 
their experiences with low-pressure balloon 
tires: B. J. Lemon, U. S. Rubber Co.; Tore 
Franzen, Chrysler Corp.; J. S. Voight. 
Graham-Paige Motors Corp.; S. A. Strana- 
han, Buick Motor Co.; W. S. James, Stude- 
baker Corp.; Herbert C. Snow, Auburn 
Automobile Co.; Arthur J. Baker, Willys- 
Overland Co.; Robert Wurfel, Chevrolet 
Motor Co.; B. H. Anibal, Pontiac Motor Car 
Co.; J. E. Hale, Firestone Tire and Rubber 
Co.; V. H. Orr, General Tire and Rubber 
Co.; B. Darrow, Goodyear Tire and Rubber 
Co., and K. D. Smith, B. F. Goodrich Co. 

Reference also has been made to articles 
in Automotive Industries by Leslie Peat. 
P. M. Heldt and Norman G. Shidle. and by 


James Cottrell of Commercial Car Journal. 





Vol. 32, No. 4 


in the opinion of several engineers who favor the narrow 
tread tires in this respect. 


Blow-outs 


Danger from blow-outs has been another widely discussed 
phase in connection with the new tires as it was in 1923 
with balloon tires. Whether or not there is an increase in 
steering wheel pull at the time of a blow-out (the engineer- 
ing vote here is 50-50), whether or not cars are more or less 
controllable after the car has been righted (the vote here is 
about three to two in favor of the low pressure), the fact 
remains that a blow-out with either type of tire is dangerous 
So tar 
who believes that the 
lower pressure tires are more subject to blow-outs, and several 
who believe that they 


at high speeds in the hands of the average driver. 


I have been unable to find anyone 


are less sensitive. 


Costs 


Wheels and rims for the low balloon tires have 


pressure 
generally run considerably heavier than those for conven 
tional balloons, largely due to the increased rim width neces 
sary for lateral stability. Some competent engineers believe 
however, that there is a good possibility of reducing weights 
of the new wheels to nearly the equivalent of those being 
replaced, especially in the 15 in. size. 

Since tires are bought by motor car companies largely on 
the basis of weight, this could be taken as an indication that 
costs eventually, assuming widespread adoption of the new 
tires, would be but little higher than at present. Replacement 
cost for the time being would inevitably be somewhat higher, 
however, since the cost of manufacturing changeover in the 
tire industry would most likely, as in the past, have to be 


assumed by the replacement trade. 
The Future 


As to the future for low pressure tires 1n the next year or 


so, it 1S the 


consensus ol those automobil 


opinion ol all 
manufacturers. Several of the tire companies contacted be 
lieve that for cars weighing up to 3000 lb., a triple oversiz« 
is all that will be considered. In the range trom 3000-3500 |b., 
some favor a triple, some a double oversize as the maximum. 
\bove 3500 lb. a double oversize limitation is favored by most 


companies, while 


above there seems to be fairly 


4000 lb. 
general agreement that smalles 


wheels is all that can be expected. The 8.25 in. tire (nominal 


a single oversize with no 
size) seems to be about the biggest tire that is receiving any 
consideration on the part of car manufacturers. 

In the service field several car manufacturers continue to 
withdraw their guarantee on the installation of low pressure 
balloons. Others while not removing the guarantee do look 
with disfavor on such change-overs. 

On the other hand investigations in the field indicate that 
people who have driven cars with the low pressure balloons 
do not seem to want to change back, being willing to accept 
some disadvantages for the sake of such gains as they feel 
they obtain. Replacement sales, however, have dropped of} 
sharply since the peak last spring and summer, and there is 
no indication as to whether purchasers of such tires to date 
represent an average cross-section of the motoring public. 

The next move seems definitely up to the car manuta 
turer. If he can obtain any improvement in riding comfort 
after the necessary changes have been made to secure ac 


ceptable steering, tire mileage, elimination of shimmy and 
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tramp, etc.; if he can take advantage of the slight improve- 
ment in traction and the reduction in body rattles accom- 
panying the elimination of many high frequency vibrations 
with these tires, and still produce a car in which no sacrifice 
has been made in the direction of lateral stability, roadability, 
and maneuverability, we will have with us in 1934 a larger 
number of new models equipped with low pressure tires. 

If independent springing is adopted by car manufacturers 
in the near future, there seems to be a strong indication that 
the low pressure tires will make more rapid headway. On 
the question as to whether these tires would be preferred with 
independent springing, 56 per cent replied “Yes”, 33 per cent 
didn’t know and only 11 per cent voted “No”. 


Discussion 


PF. W. Davis':—A model 32-50 Buick equipped with 
7.50 x 15 low pressure tires takes one thousand ft.-lb. of 
work on the steering wheel to swing the front wheels one 
complete swing on a dry pavement with the car stationary 
with 20 lb. of air in the tires. To accomplish this swing in 
three seconds requires the expenditure of energy at the rate 
of 4 hp. 

A steering gear is satistactory when it has the following 
characteristics: 

Low max. wheel rim pull for parking. 

Rapid enough ratio for fast maneuvering and recovery 
trom skidding. 

Reversibility of gear giving self-righting and feel. 

High degree of damping to control kick-back and prevent 
accidental deflection of steering wheel. 

A steering gear is essentially a lever and we can express 
the relationship between the wheel rim pull and drag-link 
pressure as follows: 

Drag-link pressure = Wheel rim pull & Ratio * Eff. The 
drag-link pressure is determined as follows: 

t. Weight on front axle. 
2. Tire size and inflation. 
3. Friction in pivot axle and connections. 

These items are more or less fixed on each particular car 
and inasmuch as the friction in the pivot axle and steering 
connections bears a small proportion to the total drag-link 
pressure it can be included in the over-all efficiency of the 
steering gear. 

We are left with the factors of steering ratio and efficiency. 

Present day engineers have expressed a desire for an over- 
all ratio somewhere between 14 and 18/1. Let us take the 
intermediate figure of 16/1 and see where we stand. This 
ratio gives three turns of the steering wheel for a complete 
swing of the front wheels. The following table is the rela- 
tion between efficiency and wheel rim pull for a drag-link 
pressure of 600 |b. 


Ethciency (°4) Wheel Rim Pull (lb.) 

, 100 

75 

5 bx 

6. 5 
“e 43 
Ri 38 

90 33 
1 3 

Consulting cnginecr, Waltha: Mass 


The 600 lb. drag-link pressure is equalled by small cars 
on low pressure tires and exceeded by many of the larger 
cars on balloon tires. The overall efficiency of present day 
gears runs from 30 to 60 per cent. The upper figure is 
obtained only with lavish use of ball and roller bearings 
throughout. These high efficiencies also lead to serious 
troubles and dangers due to increased reversibility, resulting 
in increased kick-back, greater tendency to shimmy, and 
danger from accidental deflection of steering wheel from road 
reactions, tire blow-outs, etc. 

The average man without serious strain can pull 50 to 
60 lb. on the wheel rim and the average woman about half 
that amount. It is evident that we must have a 60 per cent 
gear to enable a man to park the car with the 600 lb. drag- 
link pressure and 100 per cent is just good enough to enable 
a woman to take the punishment. 

Looking at this from another angle supposing we set the 
limit of 30 lb. wheel rim pull with 50 per cent efficiency. 
We will require a steering ratio of 32/1 which is an utter 
absurdity. A considerable amount of data covering the quan- 
titative side of steering is available and should be of interest 
to the Society. 

The use of low pressure tires introduces serious steering 
problems due to the added effort required and the necessity 
for better damping. 

The first manufacturer to announce low pressure tires as 
standard equipment is fitting a 6 in. section tire to a small 
car. In order to handle the steering this manufacturer is 
supplying a 21/1 steering ratio requiring four turns of the 
steering wheel; and it takes about 45 lb. on the wheel rim 
to park the car. This installation exceeds the proper limits 
for steering and also shows that any attempt to fit larger 
cars with the low pressure tires will react against their use 
and create a prejudice and sales resistance with the car buyer. 

What is to be done about this situation? If we cannot 
greatly reduce vehicle weight and if we continue to increase 
tire sections and decrease air pressures we must turn to some 
other method of steering control which is not altogether de- 
pendent on the strength and agility of the driver. 


Power Steering Urged 


Power steering offers the logical answer. The steering 
wheel and the gear shift are about the only items left that 
are not power-assisted in the 1933 array of passenger cars. 

Power steering has been undergoing systematic develop- 
ment for a number of years primarily directed to large buses 
and trucks, but with an eye to passenger cars as well. The 
first crude affairs have been greatly reduced in size and cost 
and made to meet the rigid requirements of the modern 
motor vehicle. The cost of the power part can be largely 
offset by economies effected in the hand part. 

P. M. Heldt in recent issues of Automotive Industries 
points out the absolute necessity for power steering on the 
large commercial vehicle. Engineers with their ears to the 
ground are studying the application to passenger cars. 

Power steering will give easier, better, and safer control 
with the low pressure tires than is attainable with conven- 
tional gears with present day balloon tires. 

The patent office shows increased activity on the part of 
inventors who are attacking the problem in various ways. 

Mechanical 
Pneumatic 
Electric 
Hydraulic 
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In the systems under development each of the above means, 
together with combinations of more than one are used. 
A power steering gear operated hydraulically is available 
at the present time with the following characteristics: 
1. Absence of noticeable back-lash. 
2. Good directional stability. 
3. Self righting. 
4. Proportionality of hand effort or feel. 
5. Free selection of steering ratio. 
6. Ease of steering and parking. 
. High degree of damping to control kick-back and 
shimmy. 
8. Absolute safety including duplicate hand steering in 
case of power failure. 


ae | 


The first four points are present with conventional hand 
steering. The last four points are gained through the use 
of power. 

The Buick previously mentioned is fitted with one of these 
hydraulic gears with a steering ratio of 16/1. It takes a 
maximum of 15 lb. pull on the wheel rim to turn the front 
wheels on a dry pavement. This is equivalent to a steering 
ratio of 64/1 with the conventional steering gear. Conse- 
quently the use of power gives an “advantage” of 4/1 under 
parking conditions. 

The damping control of this gear is so effective even with- 
out the use of a kick-shackle that so far we have been unable 
to induce shimmy or tramp up to 70 miles per hour on 
bad pavement with errors purposely introduced into the 
steering geometry. 

A power unit of this kind can be built into the steering 
gear as an integral assembly or attached as a booster. The 
power is supplied by means of a gear pump driven from the 
engine. 

Steering gears must be stepped up to meet today’s require- 
ments for easy parking, quick handling, and safety. 
steering will meet the challenge. 


Power 


Hale Gives Opinions 


J. E. Hate*:—How far the motor car industry will go in 
the direction of lower pressures, larger sections and smaller 
rim diameters depends on: 

(1) How much increased cost the car manufacturer 
will be willing to absorb. 

(2) How successful the car engineers are in designing 
to minimize the unfavorable effects of low pres- 
sures and small diameters. 

(3) How judiciously the tire people safeguard the pub 
lic interest in tire durability by conservative load 
and pressure limits. 

The public will not take kindly to any move that results 
in shortening the life of the tire, or results in a higher cost 
per mile. Improved riding comfort, elimination of body 
rattles, slight improvement in traction and braking and a 
more up to date appearance effect must come as clean 
advantages. 

As far as life is concerned, there is no mystery about low 
pressure tires. Their final mileage is dependent on the 
extent to which they are deflected, and vertical deflection is 
a very simple relationship of load per wheel, air pressure and 
tire cross section. Just because we are talking about a new 
deal in tires doesn’t change this fundamental. It is pretty 
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clear that so far no revolutionary, outstanding new contribu- 
tion to tire construction has been conceived which changes 
this situation. 

With a given car, the tire deflection percentage limit for ex 
pected durability means larger cross sections as the pressure 
is diminished. In a general way, a single oversize (one-half 
inch larger cross section) justifies lowering the pressure be 
tween three and four lb. A double oversize justifies lowering 
the pressure seven or eight lb. So, if a pressure low enough 
is not to be had by single or double oversizing, it is just a 
matter of counting out the steps of oversize by three or 
four lb. drops until the requisite softness of the tire is 
attained. 

But too low tire pressures, combined with too much over 
size and small diameter rims, bring problems to the car 
engineer—hard steering, particularly parking; shimmy and 
tramp; lateral rear end instability; increased tire noises; and 
too small brake The body designer finds his 
fenders grow too large and the overall width too wide when 
he tries to cover the third or fourth oversize tires properly. 
Last, but by no means least, is the matter of safety when 
a big, flabby tire goes flat at high speed. 

Then the springs must not be forgotten. Let them serve 
to handle the big jolts and bumps, make them a bit softer, 
oil them and provide effective shock absorbers and cut down 
the unsprung weight. This leaves for tires the job of re- 
ducing vibrations and tremors and eliminating rattles, which 
is as it should be. 

It is evident, in view of the fact that there are conflicting 
elements, that a compromise will have to be resorted to. In 
my judgment the best composite of the trend will be to 
resort to a double oversize with pressures ranging from 25 
to 35 lb.; 25 lb. for small cars, 25 to 30 lb. for medium 
cars and 30 to 35 lb. for large cars. 
used, of course, as at present. 
16 in., with some 15 in. 


diameters. 


Six ply tires will be 
Rim diameters will be mostly 
Rim widths will be increased from 
the present average of 57 per cent of tire section to approxi- 
mately 63 per cent. The only noticeable change in tire de- 
signs will be slightly narrower and flatter tread profiles. The 
cost and weight per set will increase in round figures 15 to 
25 per cent. 


Replacement Practice Condemned 


B. J. Lemon?:—Mr. Denham appears to condone the use 
of a field replacement cudgel on car design. Experimenting 
on the public can be, and was carried much too far in the 
case of super balloon tires. The tire has a major part in 
car performance, so that a radical tire change is not quit 
comparable with omitting the car top which started mor 
as a comfort than as a safety feature. Big tires furnished good 
publicity copy but expensive experience for the tire and 
wheel maker, tire and car dealers, and the public. Compe 
tition, in my opinion, is keen enough to incubate and hatch 
major changes after the proper warming up period during 
which new ideas properly may be turned over and given 
balance by the more conservative element—the engineers. 
The long list of early claims for and against super balloons, 
their excessive broadness, which Mr. Denham recognizes, by 
the constant attrition of engineering investigation could have 
been narrowed sufhciently to make the claims more compre- 
hensible by both the dealer and the public if the method of 
introduction had been by the front door. 

Traction—A_ worth slant on the traction of the 


lower pressure tire is furnished by the Pacific Telephone and 
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Telegraph Company of Sacramento, California, where super 
balloon tires are put into service where other tires are abused 
and give low mileage, such as in heavy sand and snow, and 
on otherwise poor roads. 

The case cited is of somewhat limited application, to be 
sure, but nevertheless significant. Cars were being operated 
in snow with regular balloon tires, 4.75 x 19, as standard 
equipment. Tire chains were worn out in from two to six 
days, tires replaced at from 3,000 to 5,000 miles, and the 
vehicle could not operate satisfactorily in more than 12 to 
14 in. of snow. Super balloons (size not mentioned) were 
then installed with 1o |b. of air pressure. The vehicle could 
be operated safely in from 16 to 18 in. of snow and did not 
skid in ruts. The tire mileage jumped to around 15,000 miles 
and the maintenance of the car was reduced. 

Alignment—Mr. Denham states, in discussing mileage, 
that “reduced wheel camber and toe-in seem to be indicated 
as desirable.” 

From engineering specifications of twenty-six 1933 cars, 
changes of toe-in have been made on three makes of cars, 
which show slight reductions. 

Camber has been changed for five makes of cars, reduc- 
tions occurring in but two makes. 

Caster has been slightly lowered on eight makes of cars. 

If as experience indicates, irregular wear on large section 
front tires is helped by reduced toe-in, camber and caster, the 
1933 alignment specifications also indicate that the need for 
such reductions has not been generally recognized by de- 
signers of 1933 cars. 

Limitations of Radical Changes—There is no doubt that 
the most acceptable uses of super balloon tires are restricted 
by both tire performance and car performance. 

As regards tire performance, the tire makers have tread 
and other problems which are current for all types of tires 


but more accentuated as sections become larger and infla- 
tions lower. 


Tire Makers Conservative 


Original equipment tire makers naturally shun major tire 
troubles that attend the use of lower pressure tires. It is right 
that they should be conservative because car makers still 
rely upon the tire men to tell them what can be anticipated, 
not only in average tire service but in cases of extreme service. 
It is, of course, quite possible to lean over backward with 
conservatism in the desire to eliminate as much tire trouble 
as possible by using such high inflations in super balloons 
that no benefit accrues to the car owner except in tire 
appearance. 

“What’s the use of spending more money for a super 
balloon tire that gives very little greater deflection than 
balloon tires and therefore, very much the same ride?” is 
a leading question asked of the tire engineer by the car 
engineer, and it is an eminently fair question. To get the 
ride, the inflation must be lowered, and the tire problems 
resulting therefrom must be worked upon and corrected to 
the best of our knowledge and experience. 

Regarding car performance, car engineers prefer to take 
the stepup in tire section size and the resulting lower air 
pressure in small bits, because of the design indigestion that 
has occurred in the past resulting from taking too big bites. 
In this respect the car engineer differs in no important sense 
from the tire engineer. Until either one or the other is 
forced into making rather radical and often expensive 
changes, it is certain that the rank and file of the engineering 


fraternity will not go the limit. However, enough changes 
have already been made to stimulate a revival of interest in 
the super balloon for original equipment. The movement is 
accelerating in an orderly way, apparently to the satisfaction 
of the more radical as well as the more conservative extremes 
of both the car and tire industries. 


Service Needs in 
Field and Factory 


HEN we accept an owner’s money for an automo- 

V \ bile we accept it with the moral obligation to main- 
tain this equipment anywhere, any time. The large organi- 
zations of this industry have recognized this obligation, and 
have provided vast, widespread service organizations and 
properties. Dealers and fleet owner organizations are guided 
and advised by these groups of factory service specialists. 

The engineer depends to a considerable extent upon the 
field organizations for guidance to newer models. Field 
reports must supplement or corroborate laboratory findings 
before engineering values can be established. Obviously, to 
so function, complete understanding of the product is neces- 
sary on the part of service men, particularly dealer or fleet 
owner service men. These are the direct contact men. 

The engineer designs the product and spends almost the 
entire development period in determining the condition neces- 
sary for most efficient operation. This information is passed 
out to the service organizations, in the form of charts, and is 
of the utmost importance and should be beyond any possible 
questioning. 

It is well to remember that direct selling on the part of 
sales organizations is but a portion of the selling as a whole. 
The product is our first salesman, for that reason appearance 
or style has become important. However, style may sell an 
owner, but he is kept sold mainly on the general operation 
of the product. This brings about the most important factor 
of sales, which is through owners. The sales executive who 
has not a large owner support is doomed to pass, with his 
product, out of the picture. 

The finest automobile in the world can be delivered to an 
owner in a condition to preclude any possibility of satisfac- 
tion. The service man should stand between this calamity 
and his organization. 

What is the manufacturer’s objective? It is to place in 
every owner’s hands a product able to operate at maximum 
efficiency for the longest period, with the minimum upkeep 
cost. In the face of this we find that a high percentage of 
cars never operate near their possibilities, since they are de- 
livered tight and full of friction, and further, since it takes 
2000 to 5000 miles to completely run in an automobile it has 
ceased to be of great interest to the dealer, unless he is on 
his toes. Yet these are the cars that are ripe, and with a 
little service care and understanding will be among the best 
performers; therefore a company’s or a dealer’s best of 
selling assets. 

Why this neglect? It is because there is a lack of under- 
standing of reason for doing the certain things in a definite 
manner. Too often new service information is accepted 
merely as proof that the engineering department doesn’t 
know what it wants—From a paper presented at a Pitts- 
burgh Section Meeting by Alex Taub, development engineer, 
Chevrolet Motor Co., Detroit. 
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Is 50 Miles Per Gallon Possible 


With Correct Streamlining ° 


By W. E. Lay 


HIS is Part 1 of a study of air resistance 

in terms that the automobile engineer can 
understand without delving deeply into aero- 
dynamics. The study was suggested by the fact 
that motor-vehicles are now being driven at a 
speed at which most of the engine power is used 
to overcome air resistance, although the greater 
part of this resistance is unnecessary and can be 
eliminated by correct shaping of the vehicle body. 
It is a progress report of research just begun. 


After analyzing car resistance mathematically. 
the author relates how air resistance was deter- 
mined by wind-tunnel tests of various body 
models. Numerous illustrations are utilized to 
portray the models and the testing equipment, 
and the data obtained are tabulated and charted. 


Part | 


HIS paper has been prepared in response to the appar 

ent need for a discussion of air resistance in terms that 

the average automobile engineer can understand with 
out going into an exhaustive study of aerodynamics. Much 
of the information available has been presented by those who 
are familiar with aerodynamics and discussed in terms with 
which most of us are unfamiliar and the meaning of which 
we are unable to appreciate on such short acquaintance. 
This paper includes not only a simple discussion of the prin 
cipal elements of air resistance but also a presentation of the 
results of a preliminary survey of the air resistance of some 
simple body forms. These results were determined by wind 
tunnel tests of models and a road test of a full-size body. It 
also includes a discussion of methods of test, both in the wind 
tunnel and on the road. It is not a complete report of a 
finished job but a progress report of a study just begun. 


{This paper was presented at the 1933 Annual Meeting of the Society. 
Part 1 is printed herewith; Part 2 will be published in the May issue The 
suthor is a member of the Society and professor of mechanical engineering 


it the University of Michigan, Ann Arbor, Mich.] 
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The study was suggested by the fact that we are now 
driving motor-vehicles at a speed at which most of the engine 
power is used to overcome air resistance, the greater part ot 
which is entirely unnecessary and can be eliminated by cor 
rect shaping of the vehicle body to this end. 

We can show that during the last decade there has been 
a decided increase in the speed of motor-vehicles. With the 
covering of our highways with hard, smooth surfacing, the 
reduction of grades and curves, the removal of grade cross 
ings, the widening of pavements and many other improve- 
ments, increased speed on the highway has been made pos 
sible. The public has demanded vehicles that will operate 
with comfort and safety at the higher speeds. This demand 
has been met in the main by increasing the size and power 
of the engine. However, other factors also influenced the 
manutacturer to increase the engine power of his car. The 
increase in speed and the increase in trafic density made it 
mandatory that the car have a greater activity, to be able to 
stop and to accelerate at rates never before attained. The 
development of four-wheel brakes apparently has. satisfied 
the first requirement and, so tar, increase in engine power 
has met the second need. 

This increase in engine power brings with it an undoubted 
Further increase in 
engine power to attain greater car speed and activity probably 


decrease in fuel mileage for the car. 


will meet with disapproval on the part of the buying public. 
It is quite possible, even probable, that it has already gone 
It then behooves 
us to investigate thoroughly the operation of our vehicle, 


too far in cars in the lower price-range. 


under present conditions and as the public wishes to operate 
it, to see if it 1s not possible to increase the speed and activity 
of the car by other means than increase in the power of 
the engine. 

In the development of a new machine or engine, improve- 
ment is rapid in the beginning but tends to slow down as 
further improvement becomes more and more difficult. The 
development of high-speed transportation by land, sea or 
air, is linked closely with the development of the internal 
combustion engine which drives the vehicle. In Fig. 1 are 
plotted the top-speed records tor land, water and air trans- 
portation. These curves follow the usual trend up to the 


middle of the last decade and then shoot upward. Some- 
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thing happened that affected all three types of transporta- 
tion. We shall leave it for you to fill in the details, but we 
may well suspect that what happened was some unusual im- 
provement in the engine that was common to all three. 
The lowest curve is designated, for want of a better name, 
the normal driving speed. While it is not based on scientific 
fact or accurate data but frankly on opinion, we believe it is 
logical and a close approximation of fact. If an owner driv- 
ing his own car is going somewhere on a fine day with an 
open road without curves or grades ahead of him, he raises 
his speed to a certain point, then continues at a fairly uniform 
rate at which the whole car is operating smoothly; that is, 
at its normal speed. He has found by trial that a greater 
speed will cause vibration or noise or something that makes 
him uncomfortable. It then becomes a more or less settled 
habit, when road conditions permit, to drive at this speed, 
which is considerably less than the top speed of the car. The 
data plotted as normal speed were obtained by asking friends 
to recollect the speed at which they habitually drove cars they 
had owned, and plotting that speed at a date, say three 
years later than the year in which a specified model was 
built. Plotted in that way, the speed should check reasonably 


close with the average trafhc speed of that date. It is 
plotted in Fig. 1 to show that it also had a decided upturn 
during the last decade. The average car built today will 


operate comfortably at nearly 60 m.p.h., and we may well 
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Fig. 1—Top-Speed Records for Land, Water and Air 
Transportation 
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Fig. 2—Top Speed of Typical Cars and the Normal 
Driving Speed 


expect that in the next three or four years the average speed 
of traffic on the open road may be nearing this rate. It may 
be well to note at this point that this speed is nearly double 
that of the early airplane. 

In Fig. 2 the normal driving speed is plotted to a larger 
scale and above this are plotted the top speeds over the period 
1924 to 1932, inclusive, for three cars, one picked at random 
from each of three price-classes. Car 4 is in the low-price 
class, Car B in the medium-price class and Car C in the more 
expensive division. Following the trend shown by the past, 
both the top speeds and the normal speed are extended to 
1950 by the dash lines. The top speeds for these same cars 
are plotted at the left in Fig. 3, while at the right is plotted 
the horsepower developed by their engines. To extend the 
horsepower curves to the year 1950 is nearly enough to give 
any engineer heart failure. 

In the case of the small car, a 50-per cent increase in speed 
was obtained by boosting the engine power by 150 per cent. 
When it is understood that the power required to push a 
given body through the air varies as the cube of the speed, 
it is evident that the air resistance of that body has been 
decreased during this period. But suppose that the car speed 
of 1924 must be doubled by 1950, then the power to drive 
this car through the air must be increased to 800 per cent 
of that required in 1924. While these figures are startling 
enough, the important thing is that they show clearly our 
destination in 1950 if we continue in the future as we have 
in the past. They indicate clearly that we must, if possible, 
attack this problem from another angle, and in our opinion 
that angle is just as clearly the reduction of air resistance of 


the vehicle. 
Analysis of Car Resistance 


Admitting, then, that our vehicle now travels at speeds 
at which the air resistance is of prime importance, let us 
state clearly the conditions under which the car operates and 
the forces acting upon it. The engine power furnishes a 
force that drives the vehicle forward against forces which 
oppose its motion. The sum total of the forces resisting 
motion of the vehicle usually is called the tractive resistance. 
On the level road, two major forces that oppose the motion 
of the vehicle are (a) rolling resistance and (6) air resist- 
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ance. On a grade another resistance force, generally desig- 
nated grade resistance, is added. 

The rolling resistance really should include four major 
retarding forces due to: 

(1) Friction in the wheel bearings. 

(2) Friction in the tire walls and tread as they flex 
when rolling along the road. This produces a 
tire deformation which is not permanent. 

(3) Either momentary or permanent deformation 
of the road surtace. 

(4) Impact resistance due to irregularities of the 
road surface. This produces unusual deforma- 
tion of the tire or road surface, friction in 
springs, shock-absorbers and so on. 

The sum of these forces is then the resistance in the run- 
ning-gear of the vehicle and is applicable alike to car, truck 
or trailer. Sometimes the experimenter finds it more con- 
venient to include in tractive resistance the forces due to: 

(5) Friction in the differential gearing and bear- 
ings 

(6) Friction in the final-drive gearing and bearings 

(7) Friction in the main shaft of the transmission, 
in the propeller-shaft and its universal-joints 

(8) Brake drag, if any, as the car is towed or 
coasts in neutral 


The rolling resistance may be most accurately determined 
on a chassis dynamometer. With smooth tires and road, it 
varies but little with changes in vehicle speeds. The rolling 
resistance of a vehicle is a force expressed in pounds. Since 
both the resistance due to tire flexure and the wheel-bearing 
friction increase with greater vehicle weight, rolling resistance 
is often expressed as a force in pounds per 1000 |b. or per 
ton of vehicle weight. The rolling resistance may be affected 
by a number of variables, such as: 

(1) Type of tire 

(2) Tire material 

(3) Tire air-pressure 

(4) Load on the tire 

(5) Type of road surface 
(6) Road-surface material 
(7) Crown of the road 
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Fig. 3—Top Speed of Typical Cars and the Maximum 
Power of Their Engines 





Vol. 32, No. 4 


146 S.A.E. JOURNAL 


(Transactions) 





Fig. 4—(Upper) Diagram of Forces Acting on a Car 
on a Level Road. (Lower) Diagram of Forces Acting on 
a Car When Climbing a Hill 


(8) Curvature of roads 
(9) Grades 
(10) Wind 


(11) Lubricants and their operating temperature 


The second item, air resistance, may be divided into two 
factors: (a) skin friction and (4) form resistance. Skin fric- 
tion is the fluid friction of the air lying in the boundary 
layer. It is the same kind of fluid friction as is found in 
any fluid flowing through a pipe, in the oil flowing through 
a viscosimeter and in the oil film of a main bearing in an 
engine. This friction occurs in the air which lies close to 
the moving body in the so-called boundary layer. The inmost 
film of this layer clings tightly to the body and moves with it. 
The layer immediately outside the clinging film moves slowly 
toward the rear of the body, and each successive layer moves 
at increasing velocity until, at the outer surface of the boun- 
dary layer, the air is moving past the body at the speed of 
the car. Skin friction is, then, the friction between these 
various layers as they move over one another. It is always 
present with any moving body but constitutes only 10 to 15 
per cent of the total air resistance of a present-day car and 
probably cannot be reduced. The second factor, known as 
form resistance, is due to turbulent eddies and changes in 
the velocity and direction of air motion as the car passes 
through it. Theoretically, this form resistance, constituting 
the remaining 85 to go per cent of the total, may be entirely 
eliminated by the use of correct body shapes. 

It may help us to see what can be done if we remember 
that we live and drive our motor-vehicles around at the 
bottom of an ocean of air. Professor Piccard and some of our 
pilots have explored some of the upper layers of this ocean 
but none have reached its surface. The rank and file of us 
are content to spend our days rooting about at the- bottom, 
sometimes in the very dregs of this atmospheric ocean. The 
fluid we call air has both weight and inertia. At the tem- 
perature and pressure existing in a room, the air contained 
in a 28-in. cube will weigh about 1 lb. Because of this weight, 
it is able to support the airship Akron, just as the Atlantic 
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holds up a submarine. Because of its inertia, it can support 
an airplane in flight, as the water supports a pebble that skips 
along its surface. If a sheet of paper is moved slowly through 
the air, it retains its shape; but if it is moved swiftly, it is 
quickly crumpled by a force due to the inertia of the air. To 
move an object slowly through the air requires little effort, 
while to move it swiftly may require great power. 

Who has not seen a car passing swiftly down a dusty road 
and stopped to wonder at the great swirls and eddies of dust 
and air left in its wake? After the car has passed, it may be 
seen that the area of disturbance extends far outside the space 
through which the vehicle actually passed. If the car is 
driven at high speed, the air will whirl and eddy with tre- 
mendous energy. There is only one possible source of this 
energy. It comes from our gasoline tank and we have to 
pay for it when we fill the tank. If we can shape the car 
so that it will pass through the air without such a great 
disturbance, we can conserve the energy in our fuel tank 
instead of leaving so much of it behind in the eddying wake 
of the vehicle. Shaping the contours of a body so as to 
reduce the power required to drive it through the air is 
called streamlining. 

However, factors other than streamlining may dictate the 
shape of a vehicle body. Any motor-vehicle may be con- 
veniently divided into a chassis and a body. The body is 
essentially a load-carrying compartment and usually is the 
most bulky portion of the vehicle. Its size and shape may 
be determined by the character of the load to be carried. 
The shape and size of a passenger-car body are governed by 
the height of a man, the length of his legs, his breadth of 
beam and the desirable seating arrangement. This is essen- 
tially true whether the car costs $500 or $5,000. 
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Fig. 5—Driving Force and Car Resistances 
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Fig. 6—Driving Power and Resistance Power 


The size and shape of this body compartment determine 
the size and shape of the passageway that must be opened 
up in the air to allow the car to pass through. To stream- 
line this vehicle, we must shape the forward part to open 
up the passageway with a minimum disturbance of the sur- 
rounding air. The rear part must be shaped so that it will 
close the passageway, laying the air back in place with a 
minimum of eddies and turbulance in the wake of the vehicle. 

The cross-sectional area of the passageway for the vehicle 
is then equal to the projected area of the vehicle on a plane 
perpendicular to the direction of its motion through the air. 
In general, the air resistance increases in proportion to the 
increase of projected area and in proportion to the square 


of the speed of the car. It may then be expressed by the 
equation 


Ra=KAVD’” (1) 
where 

A = projected area, in square feet 

K =a coefficient of air resistance expressed in pounds 
per square foot of projected area per miles per hour 
squared 

Ra = total air-resistance force, in pounds 

V = vehicle speed, in miles per hour in still air 


Since 85 to go per cent of the air resistance of the average 
car is form resistance, this might be called the coefficient of 
streamlining. 

The study of motor-vehicle air resistance is complicated by 
two factors that are not generally considered in the study 
of airplanes or airships. These factors are (a) the ground or 
road effect; and (), the effects of different wind directions. 
Aeronautic engineers have found this ground effect serious 
when the plane is within a few meters of the ground. When 
the automobile operates within a few inches of the ground, 
it is indeed important. The airplane in normal flight moves 
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straight through the air which supports it, but the auto- 
mobile usually meets the air at an angle. 

The third resistance, known as grade resistance, is that 
component of the force of gravity, that is, of the vehicle gross 
weight, which tends to roll it down hill. It is equal to the 
gross weight times sine « where @ is the angle the tangent 
of which is equal to the grade divided by 100. For grades 
up to 8 per cent, the sine and the tangent of « are so nearly 
equal that this grade resistance may be expressed without 
serious error as 


Rg =— W (G/100) (2) 
where 

Rg = total grade resistance, in pounds 

G = grade, in per cent 

W = gross weight of the vehicle, in pounds 


The general equation for the total resistance of a vehicle 
is then 


R= Rr + Ra + Ro 
= (W,/2000) + KA V2 + W (G/100) (3) 
where 

R = total tractive resistance of the vehicle, in 
pounds 

Rr = rolling resistance, in pounds 

Ra = air resistance, in pounds 

Rg = grade resistance, in pounds 

r = rolling resistance, in pounds per ton of ve- 
hicle gross weight 

W = gross weight of the vehicle, in pounds 


coefficient of air resistance, in pounds per 
square foot of projected area per mile per 
hour squared 


A = projected area, in square feet 
7 = vehicle speed, in miles per hour 
G grade, in per cent 




















Fig. 7—Air Flow around a Flat Plate, (Upper); a 1930 
Sedan (Middle) ; and an Ideal Streamline Form (Lower) 
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Fig. 8—Model No. 29; the 1930 Sedan 


It F be the driving torce of the driving wheels at the road 
surface, then 
P= K = Ke + Rr +. Ra (4) 
Above, in Fig. 4, are shown the forces acting on a car 
as it Operates at constant speed on a level road in still air, 
while below are shown the forces acting as a car climbs a 
hill. Fig. 5 shows how these forces vary with car speed. 
The air resistance and rolling resistance are plotted so that 
they are added to give the total resistance. At the top of 
Fig. 5 is shown the maximum driving force that can be 
exerted by the rear wheels. The maximum available driving 
force is then 


Poe aT <M eM 2) fi (5) 
where 
/ = maximum driving force, in pounds 
1 maximum torque of the engine, in pound feet 
r = final drive-gear ratio 
e mechanical efficiency of the transmission sys 


tem from clutch to wheel 
effective tire radius, in feet 
The amount by which the maximum available driving 
torce exceeds the total resistance force at any speed is the 
excess driving force. By pressing down on the accelerator 
we can call out all or any part of this force and use it for 
acceleration or hill climbing or both. In acceleration, this 
force stores kinetic energy in the car. This energy is not lost 
unless it is dissipated in friction by use of the brakes, but 
ordinarily it is used to drive the car when the speed is later 
reduced. In hill climbing, this excess force is used to lift 
the car bodily to a higher elevation, again storing potential 
energy in the car which may be used to drive the car as it 
coasts down the other side of the hill. The top speed of the 
car is reached as the total resistance becomes equal to the 
maximum available driving force. Fig. 6 shows the same 
data plotted in terms of horsepower. 
Hp. = (FV / 550) (88 / 60) (FV / 375) (6) 
where 


} any force, in pounds 


l’ = speed, in miles per hour 


3oth Figs. 5 and 6 give the car-performance curves for 
high gear only. 

Air Resistance Determined by Wind-Tunnel Tests 

As is usual, we shall begin our discussion of body forms 
and their air resistance with a few words about the classical 
flat plate. While the flat plate may not be the worst possible 
form from the streamlining viewpoint, it is very bad. More- 
over, its characteristics have been thoroughly investigated 
and are generally accepted as facts. The characteristic air 
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flow around a flat plate is shown at the top in Fig. 7. The 
lines and arrows represent paths of air particles as they pass. 
We note that the air splashes off the plate much the same as 
a stream of water from a garden hose would do. The air 
that strikes near the middle of the plate moves off in a direc 
tion at right angles to its original path and interferes with 
the flow of air passing by the plate at a considerable distance 
from it. Thus we find that the plate has disturbed the air 
How over an area several times greater than its own area. 
The region behind the plate extending outward over the 
whole disturbed area is filled with turbulent eddies and 
whirls. At the center in Fig. 7 is represented the air flow 
around a typical 1930 sedan, which also disturbs the air flow 
over an area much greater than its own projected area and 
has a considerable area of turbulence in its wake. At the bot- 
tom is shown the air flow around an ideal streamline body. 
Here the air particles are gently deflected from their original 
course and are then returned to their original place in the 
airstream at the rear of the body. 

All three of these bodies have the same projected area; 
hence, all could pass through a passageway of the same size 
if it were opened up in the airstream. The value of K was 
determined for a one-quarter-scale model of a 1930 sedan 
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Table O—The Yardsticks 


Model Reduction, 

Description No. K Per Cent 
{—The Flat Plate 0 0.00327 0.0 
B—Typical 1930 Sedan 29 0.00155 92.5 
C—lIdeal Streamline Form 100 =: 0.00021 93.7 


in which the features of the actual car were reproduced in 
considerable detail, as shown in Fig. 8. The flat plate, the 
1930 sedan and the ideal streamline form are designated as 
Models Nos. 0, 29 and 100, respectively, and will be used as 
yardsticks for measuring streamlining improvement. The 
values of K for these three models are shown in Chart o of 
Fig. g and are given in Table o. 

When we pause to remember that the air resistance of 
some of the old touring cars or phaetons was about the same 
as that of the flat plate, we can see that Model No. 29, the 
1930 sedan, represents a real improvement. The small size 
of K for the ideal body (100) shows the possibility of im- 
provement still left to us. 

Having oriented ourselves, we may now turn our attention 
to the results of our study. The models used represent a 
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Fig. 9—Coefficients of Air Resistance K with Flat Plate, Sedan and Streamline Form 


Chart-O, the yardsticks. Chart I, rectangular forms showing the effect of rounded edges and corners. Chart II, wheel 
housing variation. 
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Fig. 10—Rectangular-Box Models 


Sharp edges and corners, top view. Edges and corners of 
6-in. radius, middle view. Edges and corners of 9-in. 
radius, lower view. 


systematic variation in form from a rectangular-box shape to 
a form that was reasonably close to the ideal. The changes 
are made in a series of steps and the results are presented in 
groups. In each group a single detail was varied without 
changing any other part of the body. However, a number of 
features are common to all of the models. Since the present- 
day seating arrangement, giving us a box-shaped passenger 
compartment, is evidently desirable, it was essential that all 
models have this space available. Thus the size and shape 
of the passenger compartment fixed the height and width 
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of the model, while its minimum length must be proportion- 


ately equal to that of a typical chassis. Since the conventional 
position of the engine is at the front of the chassis, space 1S 
provided tor it in that position and rear-engine models are 
lett for later investigation. All models were constructed with 
smooth surfaces on the sides, top and bottom. This means 
that such barnacles or wind-claws as the present-day type of 
head-lamps, cowl lights, spare tires, fenders, running board 
and so forth are not removed, but covered in as the first step 
toward decreased air resistance. 

Before building the models, the effect of smoothing the 
under surface of the car was roughly determined by test on 
a car on the road. A sheet of canvas was stretched under- 
neath the car from front to rear by means of coil springs 
attached to the front and rear bumpers. The canvas was held 
in the correct position by piano wires, stretched crosswise 
from running-board to running-board at 1-ft. intervals. After 
the car was thoroughly warmed up, the top speed was deter- 
mined with a fifth-wheel speedometer, running both direc 
tions on a smooth, level pavement. After removing the wires 
and canvas, the test was repeated. The increase in speed 
obtained by use of the canvas indicated a decrease in air 
resistance of 5.8 per cent. 

For adaptation to wind-tunnel test, all models were built 
to one-eighth actual size. The Reynolds number was deter- 
mined and it was found that, theoretically, the resistance of 
full-size models could be calculated from the wind-tunnel 
results by using the ratio of the projected areas. 

The first model, No. 1, shown at the top of Fig. 10, is then 
of rectangular-box shape with sharp edges and corners, with 
the wheel-housings entirely open. Its length, breadth and height 
are such that it will just enclose a one-eighth scale model of a 
typical sedan. Of all the models built, it is the farthest removed 
from a streamlined form. It must be remembered, however, 
that all its surfaces are smooth, without any barnacles or air- 
claws. In the middle and lower portions of Fig. 10, Models Nos. 
2 and 2a are made exactly like No. 1, except that the sharp 
edges and corners are rounded. On No. 2 the rounded edges 
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Fig. 12—Front and Rear Sections Used in Wind-Tunnel Tests 


and corners have a radius of *4 in., equivalent to 6 in. on the 
full-size body; while on No 2a they are rounded to correspond 
to a g-in. radius on the full-size body. 

The average values of K over a speed range of 50 to go 
m.p.h. are shown graphically by the length of the black bars 
in Chart I of Fig. 9, while the actual figures are given in 
Table 1. The numbers on the scale at the bottom of the chart 
represent the values of K 10%. As read from the chart, 
the value for Model No. 1 is 22.0. The actual value of K 
in the equation Ra = K A V* is then 
K = (22.0 / 10,000) = 0.00220 (7) 
In Chart I are three bars giving the value of K for our 





Table 1—Rectangular Forms 


Model Reduction, 
Description No. K Per Cent 
4—Rectangular Box,Sharpedges 1 0.00220 0.0 
B—Rectangular Box, 6-in. radius 2 0.00151 30.5 
C—Rectangular Box, 9-in. radius 2a 0.00118 46.4 


Table 2—Wheel-Housing Variation | 


(All models rectangular box, 6-in. radius) 


Model Reduction, 
Description No. K Per Cent 
A—Wheel-Housings Open 2 0.00146 0.0 
B—Wheels Outside 3 0.00154 —§.4 
C—Wheel-Housing Side Closed 4 0.00148 —ie 
D—-Wheel-Housing Completely 
Closed 5 0.00151 —34 





Table 3—Front-Section Variations 


Model Reduction, | 
Description No. K Per Cent 


A—Stub Rear Section (W) 





(1) Vertical Windshield 7 0.000886 0.0 

(2) 2244-Deg. Windshield 11 0.000799 9.7 

(3) 45-Deg. Windshield 15 0.000758 14.4 

(4) Elliptical Front 19 0.000763 13.9 
B—'-Height Extension Rear Section (X) 

(1) Vertical Windshield 8 0.000880 0.0 

(2) 2214-Deg. Windshield 12 0.000661 24.8 

(3) 45-Deg. Windshield 16 =: 0.000579 34.2 

(4) Elliptical Front 20 0.000606 31.1 
C—Full-Height Extension Rear Section (Y) 

(1) Vertical Windshield 9 0.000825 0.0 

(2) 224%4-Deg. Windshield 13 0.000642 22.2 

(3) 45-Deg. Windshield 17 =: 0.000537 34.9 

(4) Elliptical Front 21 = 0.000504 38.9 
D—Streamline Rear Section (Z) 

(1) Vertical Windshield 10 =0.000617 0.0 

(2) 2214-Deg. Windshield 14 0.000442 28.3 

(3) 45-Deg. Windshield 18 0.000309 49.8 

(4) Elliptical Front 22 = 0.000320 48.1 








yardsticks, Models 0, 29 and 100. This chart shows at a 
glance the remarkable reduction in air resistance to be ob- 
tained by the use of generous radii on all corners and edges 
of a body. The values for percentage improvement are given 
in Table 1. 

The second group, shown in Fig. 11 and composed of 
Models Nos. 2, 3, 4 and 5, gives us a comparison of methods 
of wheel enclosure. All of these models have the general 
form of Model No. 2, the rectangular box with 6-in. radii 
on all edges and corners. In Model No. 2, the wheel-housing 
is open at the side and bottom. In Model No. 3, there is no 
wheel-housing, the wheels being completely outside the body. 
In Model No. 4, the wheel-housings are closed at the side 
but open at the bottom. In Model No. 5, the wheel-housings 
are completely closed on both side and bottom, with only that 
portion of the wheel which projects down into the clearance 
space under the car exposed to the air flow. 

The results obtained with this group are shown in Chart II 
of Fig. g and in Table 2. The wheels themselves are fairly 
well streamlined, and even placing them outside of the body - 
did not greatly increase the total resistance. When increased 
area is considered, the resistance per unit area is even reduced 
by placing the wheels outside. It must be said that these 
results are not entirely satisfactory, since the wheels were not 
revolving. They might have been considerably different had 
the wheels been revolving fast enough to have a peripheral 
speed up to go m.p.h. Such speeds were impracticable with 
wheels of such small diameter, and tests of full-size wheels 
revolving in various types of housings are a part of our future 
program. 

We are now ready, figuratively speaking, to saw out of 
our rectangular-box model the mid section, which is the 
passenger compartment. In front of this section we will 
attach various front sections to open up the air passageway, 
while on the rear will be fastened sections of various contours 
to close the passageway. These contours are made up of 
simple lines, the front contours of ellipses and straight lines 
with circular fillets, while the rear contours are parabolas 
with circular fillets. The ellipse and the parabola were 
chosen for the front and rear contours respectively because 
they represent streamline flow and are the curves in prevail- 
ing use for the front and rear of airships. 

The middle section, with the four front and four rear 
sections, is shown in Fig. 12 and diagrammatically in Fig. 13. 
The contour lines for the front sections are designated on the 
diagram by the first letters of the alphabet, and for the rear 
section by the last letters of the alphabet. The four front sec- 
tions consist of an elliptical front, C, for best streamlining, 
and one engine compartment provided with three replaceable 
windshields set at angles of vertical (F), 22% deg. from 
vertical (E), and at 45 deg. (D). These have the general 
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proportions and positions for the present type of radiator, 
hood and windshield, except that the hood is broadened to 
enclose the front wheels. 

The four rear sections designated as W to Z, are made up 
with parabolic curves on their upper surface and extend the 
length of the model from W to the position of the present 
rear bumper. The length of X section is equal to one-half 
the height of the model, while the length of Y section is 
equal to the height of the model. The Z section is extended 
to a length sufficient to give the best air-flow conditions. Dif- 
ferent combinations of these sections are made to give us 
Models Nos. 7 to 22 inclusive, as indicated by the following 
tabulation. 


Description 


sharp edges, open housing 


6-in. radii, open wheel-housing 


g-in. radii, open wheel-housing 
6-in. radii, no wheel-hcusing 


6-in. radi, wheel-housing side 


6-in. radi, wheel-housing com- 


Vertical windshield; stub rear 


Vertical 


windshield; 


-height extension 


Vertical windshield; height extension 


Vertical windshield; 
22'4-Deg. windshield; 
22%-Deg. windshield; 
22'4-Deg. 

22%-Deg. windshield; 
15-Deg. 

45-Deg. windshield; 
45-Deg. 

35-Deg. windshield; 


streamline rear 


stub 
-height extension 


real 


windshield; full-height extension 


streamline rear 


windshield; stub rear 


VY, -height extension 


windshield: full-height extension 


streamline rear 


Elliptical front; stub rear 


Elliptical front; 


-height extension 


Elliptical front; full-height extension 
Elliptical front; streamline rear 


The results of tests on Models Nos. 7 to 22 are shown in 
two groups. In Chart III of Fig. 14 and in Table 3 the data 


—— 


Fig. 13—Composite Dia- 
gram of Model Changes 














Table 4 —Rear-Section Variations 
Model Reduction, 

Description No. kK Per Cent 
1—Vertical Windshield , 

(1) Stub Rear (W) 7 0.000886 0.0 

(2) \4-Ht. Extension (X) 8 0.000880 0.7 ' 

(3) Full Ht. Extension (Y) 9% = 0.000825 6.9 

(4) Streamline Rear (Z) 10 = 0.000617 30.4 
B—22'4-Deg. Windshield 

(1) Stub Rear (W) 1] 0.000799 0.0 

(2) 144-Ht. Extension (X) 12 0.000661 17.3 

(3) Full-Ht. Extension (Y) 13 0.000642 19.7 | 

(4) Streamline Rear (Z) 14 0.000442 14.8 


( 15-Deg. Windshield 
(1) Stub Rear (W) 15 =0.000758 0.0 
(2) \4-Ht. Extension (X) 16 0.000579 23.6 
(3) Full Ht. Extension (Y) 17 0.000537 29.2 
(4) Streamline Rear (Z) 18 0.000309 59.2 
D—Flliptical Front 
| 
(l) Stub Rear (W) 19 0.000763 0.0 
(2) 14-Ht. Extension (X) 20 0.000606 20.5 / 
(3) Full-Ht. Extension (Y) 21 0.000504 33.9 
(4) Streamline Rear (Z) 22 0.000320 58.1 
Table 5——Plan-Form Variations 
Model Reduction, 
Description No. K Per Cent 
{—Straight Sides 21 0.00504 0.0 
B—Sides Bulge 4 In. 6 0.00409 18.8 | 


Table 6—-Hood and Front Fenders 
(Showing effect of more conventional hood and fenders) 
' 
Model Reduction, 
Description No. K Per Cent 


1—45-Deg. Front and 45-Deg. 
Rear Sections 
B—Same with Fender and Hood 


0.000537 0.0 
0.000652 —21.4 
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In Chart III, the variation of the coefficient K obtained by varying the rear section with each of the four front 
by varying the front section with each of the four different sections. Rear-section improvement depends on developing 
rear sections is shown. Chart IV shows how K varies 


a good front section. 
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Fig. 15—Comparison of Model No. 6 with Model No. 21 


are arranged to show the changes in the air resistance of the 
models that may be obtained by the use of different front 
sections with given rear sections. Model No. 7 corresponds 
in general dimensions most nearly to a typical 1930 sedan. 
It has, however, smooth corners, the equivalent of 6-in. radii 
at the edges and corners, and no barnacles. It has an air re 
sistance slightly more than one-half that of the typical 1930 
sedan. With the poorly streamlined rear section W (Fig. 13), 
little improvement in air resistance can be made by making 
changes in the front section. Making the same changes in 
front section on a body having a streamlined rear section Z 
will produce substantial decreases in air resistance. 


Effect of Slant 


It may be noted in most cases that results obtained with 
the 45-deg. windshield in the front section (EF, Fig. 13) are 
as good as or better than are obtained with the elliptical 
streamlined shape D. This indicates that considerable free- 
dom is allowable in the development of the windshield, and 
perhaps also the rear window, to provide good visibility. 

In Chart IV in Fig. 14 and in Table 4 the data are arranged 
to show how the use of different rear sections with given 
front sections will change the air resistance of the body. 
Again it is evident that little progress)can be made in im- 
provement of the rear section until a good front section has 
been provided. 


model. The next model, No. 6, shown in Fig. 15, was con 
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So far, little change has been made in the plan form of the 


Fig. 17—Model No. 





Table 7—Radiator Variations 
Model Reduction, 
Description No. K Per Cent 
{—Flat-Vertical 24 = 0.000825 0.0 
B—V-45 Deg. 25 0.000733 11.2 
C—Curved 23 0.000652 21.1 


Table 8—Windshield-Form Variations 


Model Reduction, 

Description No. kK Per Cent 
A—-Flat, 45-Deg. 26 =: 0.000652 08 .... 
B—105-Deg. V-Vertical 26 =.0.000826 += —27.7 0.0 
C—105-Deg. V-45 Deg. 27 0.000770 —18.3 6.7 


Table 9—Windshield-Angle Variations 


(Showing effect of changing the angle of a flat windshield) 


Model Reduction, 

Description No. K Per Cent 
A—Vertical 9 0.000825 0.0 
B—22\ Deg. 13 -0.000642 22.0 
C—45 Deg. 17 =: 0.000537 39.4 


Above results obtained with full-height extension rear (Y) 


Table 10-—Final Models 


Model Reduction, 

Description No. K Per Cent 
{—Flat Plate 0 0.00327 me aces 
B—1930 Sedan Model 29 «0.00155 = 59.7 0.0 
C—Final Model 28 0.00080 80.6 48.2 
D—Streamline Form Model 23 «0.00065 3=83.0 57.9 
E—lIdeal Streamline Form 100 ~=-0.00021 93.6 84.1 


structed with the same front and rear section as Model No. 21, 
below, but the width of the passenger compartment was in- 
creased by 4 in. on each side, or a total of 8 in. in the full-size 
body. Its value of K is compared with that of Model 21 in 
Chart V in Fig. 16 and in Table 5. This slight change resulted 
in a decrease of air resistance of nearly 19 per cent. 

A model was then made which represents a possible com 
promise between streamlining, structural efficiency and what 
the public desires in appearance. This model, No. 23, was 
like Model No. 17, except that the hood, windshield and 
front part of the body were narrowed and modified fenders 
were provided to cover the front wheels. The effects of this 
change are shown in Chart VI in Fig. 16 and in Table 6. 
The result was a 21 per cent increase of the air resistance. 

The radiator profile of Model No. 23 was the nearly cir 
cular part of an ellipse. A vertical flat-front radiator was 
added to form Model No. 24, and a slanting V-shaped radiator 


was added, as shown in Fig. 17, to form Model No. 25. The 
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Chart V, effect of bulging sides of model. Chart VI, ef- tion. Chart IX, 
fect of more conventional hood and fenders. Chart VII, 
radiator variations. Chart VIII, windshield form varia- 


windshield slant variation. Chart X, 
results obtained with final models, the air-flow lines being 
shown in Fig. 19. 
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Fig. 19—Air Flow Lines around Model No. 28 


effects of these changes are shown in Chart VII in Fig. 16 
and in Table 7. The chart shows that the curved-radiator 
shape is by far the best, although the V-radiator is an im 
provement over the flat shape. 

The windshield of Model No. 23 was flat and set at an 
angle of 45 deg. Modelers’ clay was added to form a V-shape 
windshield with a 105-deg. included angle. This windshield 
was set in the vertical position for Model No. 26 and at 
a 45-deg. angle for Model No. 27. The results of these varia 
tions are shown in Chart VIII in Fig. 16 and in Table 8. 
This comparison shows that for this model the flat wind 
shield is considerably better than a V-type windshield. 

The result of changing the angle of a flat windshield is 
shown clearly by comparing the results obtained from tests 
of Models Nos. 9, 13 and 17, as shown in Chart IX in Fig. 
16 and in Table 9. This chart indicates the remarkable im 
provement made possible by slanting the windshield. When 
set at a 22! 2 deg. angle, the air resistance of the whole model 
is reduced by 20 per cent. When set at a 45-deg. angle, it is 
reduced by nearly 40 per cent. 

Following these tests, a practical compromise model, No. 
28, was constructed with a modified V-type radiator and with 
more detail of molding around windshield and windows, as 
shown in Fig. 18. Chart X in Fig. 16 and Table 10 give 
the K for the final models. The air-flow lines around this 
model are shown in Fig. 19. 


This concludes a rough survey of streamlining possibili 
ties for automobile bodies with the engine in front. 
(To Be Continued ) 





Fig. 18—Model No. 28, a Compromise Type 


Vol. 32, No. 4 





S.A.E. JOURNAL 


(Transactions) 


Misplacing the 
Center of Gravity 


N a letter commenting on the Summer Meeting Paper, 

“Misplacing the Center of Gravity,’ by W. B. Stout, 

which was printed on p. 4o of the January, 1933, issue 
of the S.A.E. Journat, Harry |. Hazzard, engine designer, 
International Harvester Co. of America, Fort Wayne, Ind., 
says: 

There seems to be a tundamental error in the article en- 
titled Misplacing the Center of Gravity, as published in the 
S.A.E. JouRNAL. 

When a motorcar goes around a curve, a horizontal force 
is induced which must be counteracted by a horizontal force 
at the wheels. If we assume that no sidesway occurs, the 
magnitude of this force is independent of the vertical loca 
tion of the center of gravity. 

A low center of gravity is advantageous in a motorcar, 
as it allows a more equal distribution of vertical and side 
loads on the wheels, whether applying brakes, turning a cor 
ner or traveling with the car tilted sideways. It makes a 
car more stable. 

A high center of gravity will allow the car springs to absorb 
horizontal shocks by permitting the vehicle body to sway. 
When the wheels take a sudden small angular or sidewise 
deflection, this sway allows an appreciable radius of curva 
ture for the center of gravity, thereby decreasing the hori- 
zontal load on the wheels. This probably accounts tor the 
railroad practice of not using a low center of gravity. 

In railroad work, the center of gravity can be located with 
regard to known speeds and radius and bank of curves, but 
not so in motorcar practice. In a motorcar, sidesway is ob- 
jectionable to passengers, dangerous for drivers and un 
necessary to the wheels, as they can absorb side shocks. 

It it were possible to get the center of gravity below the 
springs and thus cause the body to tilt inward on a curve, 
the result would be most interesting. 


} is apparent to all of us that the improvements which 
have been accomplished in gasoline engines of all types 
have been very desirable and profitable ones. Further im 
provements are equally desirable and much work is even 
now being done to bring about their accomplishment. 

Available information indicates that improvements will 
continue along the lines already established and it is likely, 
therefore, that for at least some time to come we will see not 
only increased compression ratios but improvements in the 
volumetric efficiency and other phases of design which will 
materially increase the compression pressures. 

It is certainly evident that all manufacturers of passenger 
cars and commercial vehicles and engines are aware of the 
necessity for further improvements in their vehicles both as 
to performance characteristics and fuel economy and that real 
progress is being made by them. 

The necessity for improvement in the performance char 
acteristics of road vehicles is recognized not only by the 
manufacturers of such vehicles but also by the manufacturers 
of fuel. 

From a paper by F. R. Speed presented at the New Eng- 
land Section, March, 1933. 
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Vapor-Handling Capacity 


of Automobile Fuel Systems 


By O. C. Bridgeman, H. 


HIS report covers information obtained on 

vapor lock, fuel-line temperatures and vapor- 
handling capacity as the result of road tests with 
16 cars. The investigation was conducted under the 
auspices of the Cooperative Fuel Research Steer- 
ing Committee in cooperation with the Natural 
Gasoline Association of America. The general 
procedure consisted in operating the car with 
samples of gasoline of increasing vapor pressure 
until vapor lock occurred. 


The development of a method for the evalua- 
tion of the vapor-handling capacity of fuel sys- 
tems under various operating conditions has been 
of material assistance in analyzing the vapor-lock 
problem. The present work indicates that 
changes both in fuel-line temperatures and in 
vapor-handling capacity affect the permissible 
vapor pressures. It is still believed that lowering 
of fuel-line temperatures by changes in design of 
the fuel system is the most effective method of 
insuring freedom from vapor lock. 


REVIOUS reports on the vapor-lock investigation have 

treated the occurrence of vapor lock from the standpoint 

of fuel-line temperatures. In the present report, the 
occurrence of vapor lock is considered largely from the stand- 
point of the vapor-handling capacity of automobile fuel sys 
tems. In practice, both fuel-line temperatures and vapor 
handling capacity must be taken into consideration. With 
two cars having the same capacity for handling vapor in the 
fuel system, the one with the higher fuel-line temperatures 
will vapor lock more readily on the same type of fuel. On 
the other hand, if the two cars have fuel systems which reach 
the same temperature, the system which has the greater ca- 
pacity for handling vapor will be less subject to vapor lock. 


{This paper was presented at the 1933 Annual Meeting of the Society. 


Publication approved by the acting director of the Bureau of Standards 
of the U. S. Department of Commerce.] 

©. C. Bridgeman is chief, lubrication and liquid fuels section, Bureau 
of Standards, City of Washington. 

H. S. White is junior physicist, Bureau of Standards, City of Wash 
ington. 
* B. Gary is research associate, Bureau of Standards, City of Wash- 
See S.A.E. JournaAt, March, 1931, p. 315 


S. White and F. B. Gary 


Differences in fuel characteristics will also influence vapor 
lock, but an extensive treatment of this phase is being re- 
served for a later report. 

Road tests on a large number of cars during the summer 
of 1932 have indicated that there are wide variations in the 
capacities of fuel systems for handling vapor. In some cars, 
-the formation of small amounts of vapor results in loss of 
power. With other cars, large volumes of vapor can be 
handled without difficulty. The vapor-handling capacity of 
a fuel system can be evaluated from temperature measure- 
ments at the time of vapor lock and from information on the 
vapor pressure characteristics of the fuel. Once the vapor- 
handling capacity of the fuel system in any given car is de- 
termined, it is possible to predict the conditions under which 
vapor lock will occur with any type of fuel in this car. 

The present report covers information obtained on vapor 
lock, tuel-line temperatures and vapor-handling capacity as 
the result of road tests with 46 cars. This investigation was 
conducted under the auspices of the Cooperative Fuel Re- 
search Steering Committee in cooperation with the Natural 
Gasoline Association of America. 


Test Procedure 


The general procedure consisted in operating the car with 
samples of gasoline of increasing vapor pressure until vapor 
lock occurred. Three different sets of operating conditions 
were investigated with each car; namely, (1) steady driving at 
a speed of approximately 40 m.p.h.; (2) idling after steady 
driving; and (3) accelerating after an idling period. Tem- 
perature measurements’ were made at various points in the 
fuel-feed system, so that the temperature at which vapor lock 
occurred could be obtained. The atmospheric temperature 
was also read in each case. 

For purposes of sampling, liquid containers of the Cali- 
fornia type of Reid vapor-pressure apparatus were used. 
These containers differ from the conventional type only in 
that they are equipped with valves at the top and bottom. 
After filling with water they were connected to the bottom 
of the rear tank or vacuum tank with pipe fittings and then 
filled with gasoline by displacement of the water. In this 
way, loss of vapor pressure during sampling could be mini- 
mized. The liquid containers were stored in ice until ready 
to measure the vapor pressure, at which time the air con- 
tainers were screwed on and the vapor pressure measured in 
the usual manner. 

Road tests were made on 46 cars distributed with respect 
to year of manufacture and type of fuel system as shown in 
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Table 1. It is believed that these are typical of over go 
per cent of the cars sold since 1926. 

The fuels used in the vapor-lock tests were prepared by 
blending butane with refinery gasoline of low vapor pres- 
sure, the butane contents ranging from 7 to 35 per cent and 
Reid vapor pressures ranging from 12 to 27 lb. per sq. in. 
Distillation data by the natural gasoline method? on the 
refinery gasoline and on two representative butane blends 
are shown in Fig. 1. The average atmospheric temperature 
during the runs was about 80 deg. fahr., which accounts for 
the fact that fuels having vapor pressures lower than 12 
lb. per sq. in. were not employed. 


Observed Vapor-Locking Temperatures 


In the laboratory work on the flow of gasoline in gravity 
feed and vacuum-tank systems*, it was found that these 
systems had comparatively little excess capacity for handling 
vapor. On the other hand, measurements of the flow char 
acteristics of fuel pumps* at various temperatures showed 
that these pumps could handle large proportions of vapor 
before the total flow of liquid became too small to maintain 
engine operation. 

Since all three types of fuel systems are in common use, 
and since the vapor-handling capacity may vary considerably 
even with the same type of fuel system, the derivation of any 
general relation for the prediction of vapor lock is difficult. 
Under these conditions, it was decided to base the relation on 
a system with only a slight excess capacity for handling 
vapor, with the realization that this would permit a large 
margin of safety for many cars. Accordingly, assuming a 
fuel system which would just handle equal volumes of liquid 
and vapor (V/L 1), the predicted vapor-locking tempera- 
ture ¢ is related to the Reid vapor pressure of the fuel in 


>5.T.M. Standard Method, D-216-30 
E. Journar, August, 1930, p. 218 
E. Journar, March, 1932, p. 129 
E. Journart, December, 1931, p. 45 
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Fig. 1—A.S.T.M. Distillation Curves Typical of Fuels 
Used in Vapor-Lock Tests 
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Fig. 2—Comparison of Observed and Predicted Vapor- 
Locking Temperatures at Constant Speed 


System Temperature 


Vacuum Tank Carbureter Inlet 
Vacuum Tank Vacuum-Tank Inlet 
O Gravity Carbureter Inlet 
oe Pump Carbureter Inlet or Pump 
Outlet 


pounds per square inch at 1oo deg. fahr. by means of the 


equation” 
t 259 140 log pr (1) 
A comparison between the predicted and observed vapor- 
locking temperatures for the various cars is shown in Figs. 2, 
3 and 4 for operating conditions of constant speed, idling and 
accelerating respectively. The observed values represent the 
highest temperatures in the tuel line (@) when loss of power 
occurred at constant speed and on accelerating, and (6) when 
engine stoppage occurred on idling. The predicted vapor- 
locking temperatures were computed by means of Equation 
(1) from the measured Reid vapor pressures of the fuels at 
the time of vapor lock. The fuel samples were those taken 


from the main fuel tanks except for the vacuum-tank cars 


Table 1] 


Tabulation of Test Cars 
Number of Cars 


Vacuum Tank 


Year Fuel Pump Gravity Total 
1926 l - 1 
1927 1 ] 5 
1928 l 9 ] 7 
1929 2 2 4 
1930 4 4 
1931 8 l 9 
1932 15 1 — 16 


Table 2—Vapor-Handling Capacity of Cars 


Number of Cars 


Value of V/L Gravity Vacuum Tank Pump Total 
0-10 ] 9 l 1] 
11-20 l 3 9 13 
21-30 l ] 10 12 
31-40 6 6 
41-50 4 t 
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Fig. 3—Comparison of Observed and Predicted Vapor- 
Locking Temperatures when Idling 


System Temperature 
y Vacuum Tank Vacuum-Tank Inlet 
O Gravity Carbureter Inlet 
+ Pump Carbureter Inlet or Pump 
Outlet 


vapor-locking at the carburetor inlet, in which cases the 
vacuum-tank fuel-samples were used. 

From the figures it is seen that, in general, the observed 
vapor-locking temperatures are considerably higher than the 
predicted values, which means that the vapor-handling ca- 
pacities of the fuel systems in these cars are much greater 
than that assumed in Equation (1). This is especially notice- 
able for cars equipped for fuel pumps. 

Due to the large vapor-handling capacity of many fuel sys- 
tems, it was found impossible to get some of these cars to 
vapor lock on idling except with a fuel which would not 
permit operation at constant speed. Thus, although the tuel 
temperature increased on idling, the decrease in the volume 
of fuel required for engine operation more than compensated 
for the rise in temperature. Accordingly, there are fewer 
points in Fig. 3 than in Fig. 2. Likewise a number of the cars 
would not vapor lock while accelerating after an idling period. 

Vapor-Handling Capacity of Fuel Systems 

It is of interest to determine the vapor-handling capacity 
of the various cars tested, and this can be computed readily 
from the data in Figs. 2, 3 and 4, in conjunction with in- 
formation on the change in vapor pressure used with change 
in the degree of vaporization of the fuels used. For this 
purpose, it is convenient to express the vapor-handling capac- 
ity in terms of the ratio of vapor volume to liquid volume 
(V/L) flowing through the system at the time of vapor lock. 

The temperature at which the vapor pressure of any gaso- 
line equals atmospheric pressure, namely, the vapor-locking 
temperature, increases as V/L increases. Accordingly if 
vapor lock occurs at any given temperature with a fuel of 


® See S.A.E. Journat, March, 1931, p. 315. 
7 See S.A.E. Journat, December, 1932, p. 447. 


given vapor pressure, it is possible to determine the corre- 
sponding V/L, for the system in which vapor lock occurs, 
from the curve of vapor-locking temperature plotted against 
V/L for this fuel. This was the procedure adopted in the 
present case, as outlined in the following paragraphs. 

Vapor-pressure measurements were made at various tem- 
peratures on a number of butane blends with the refinery 
gasoline, using an apparatus of the Reid type but employing 
various ratios of vapor to liquid volumes. From these meas- 
urements, the temperatures corresponding to a vapor pres- 
sure of 14.7 lb. per sq. in. were determined for various 
values of V/L and curves of these vapor-locking temperatures 
plotted against V/L are shown in Fig. 5. An example will 
make clear the method of using these curves. If vapor lock 
occurs at 98 deg. fahr. with a fuel having a Reid vapor 
pressure at 100 deg. fahr. of 16.0 lb. per sq. in., it is seen 
that a vapor-locking temperature of 98 deg. fahr. corresponds 
to a value of V/L equal to 10. In this case, therefore, the 
fuel system can handle up to 10 times as much vapor as 
liquid betore vapor lock occurs. 

Values of the vapor-handling capacity of all of the cars 
tested were determined in the manner indicated, and the 
results for constant-speed operation are summarized in Table 
2, and are plotted in Fig. 6 according to the year of manu- 
facture of the cars. It is seen that there was an increase in 
vapor-handling capacity of fuel systems coincident with the 
introduction of fuel pumps. Similar data can readily be 
obtained for operating conditions of idling and accelerating. 
The critical V/L for vapor lock will change, of course, with 
operating conditions in accordance with the change in the 
fuel requirements of the engine. 


Fuel-Line Temperatures 


In the year® 1930 and the year‘ 1931, surveys were made 
ot fuel-line temperatures in a large number of cars on the 
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road. Similar data were obtained during the summer of 
1932 incidental to the vapor-lock measurements. The results 
on the 1932 cars are shown in Table 3, where temperature 
rises above the atmospheric temperature at 40-m.p.h. constant 
speed and on idling are shown. The temperature rises refer 
to the fuel-pump inlet in the case of fuel-pump systems and 
to the vacuum-tank outlet in the case of the one car equipped 
with a vacuum tank. The present data differ from those 
obtained in previous surveys in that the values for the 1932 
cars were obtained under vapor-locking conditions; whereas, 
in the previous surveys, a low-vapor-pressure fuel was used. 
It can be seen from Table 4 that, under vapor-locking con 
ditions at constant speed, the temperature rise averages 8 
deg. fahr. lower as the result of cooling of the fuel due to 
boiling. Thus, the previous average of 31 deg. fahr. should 
be replaced by the average value 23 deg. fahr., since it is the 
temperature rise under vapor-locking conditions which is of 
interest. The average difference of 8 deg. fahr. has been 
verified in a number of runs made with fuels of high and 
low vapor pressures. 
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Fig. 5—Variation of Vapor-Locking Temperatures with 
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Fig. 6—Values of V/L for Cars Tested when Vapor 
Locking at Constant Speed 


System 
A Vacuum Tank 
© Gravity 
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Permissible Vapor Pressures 


Equation (1) gives a relation between the Reid vapor pres- 
sure and the vapor-locking temperature for fuel systems 
having a critical V/L 1. However, the major interest 
lies in the permissible vapor pressure for operation at a 
This equation may be re- 
written in the form 


259 140 log pr (2 
\t is the tem 
perature rise above the atmospheric temperature at the point 
Taking Ag 


equal to 33, in order to protect the majority of cars on the 


where ¢, is the atmospheric temperature and 
in the fuel system at which vapor lock occurs. 


road from vapor lock under any operating condition, Equa 


tion (2) becomes 
ta = 226 — 140 log p, (3) 


The curve represented by Equation (3) is shown in Figs. 
7 and 8, where the vapor pressures causing vapor lock are 
plotted against the atmospheric temperatures at the time ot 
Vapor lock. Fig. 7 applies to constant-speed operation, while 
Fig. 8 shows the Reid vapor pressures which gave any indi 
cation of vapor lock under the worst of the three operating 
conditions. All vapor-pressure data apply to main-tank 


samples at the time of vapor lock, even in the case of those 


Table 3—Fuel-Line-Temperature Data on Cars 
_ Qt above Atmos- 
\tmospheric pheric Temperature, 
Tempera- Deg. Fahr. 
Fuel ture, Deg. 
No. System Fahr. 10 m.p.h. Idling 
1-32 MP 73 23 18 
2-32 MP 82 12 24 
3-32 MP 86 22 38 
4-32 MP 84 7 22 
5-32 MP 83 18 29 
6-32 MP 77 23 42 
7-32 MP 88 28 44 
8-32 MP 85 16 27 
9-32 MP 85 16 39 
10-32 Vae. 84 18 36 
11-32 MP 86 3: 58 
12-32 MP 77 36 $6 
13-32 MP 85 3 16 
14-32 MP 77 16 24 
15-32 MP 82 2] 19 
16-32 MP 97 15 25 
Average At 20 3 
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Table 4—Summary of Average Fuel-Line 
Temperatures 


Previous Surveys Present Survey Difference, 





Year No. of At, No. of At 
Cars Deg. Fahr. Cars Deg. Fahr. Deg. Fahr. 
| 1930 or older 27 30 21 22 8 
} 1931 47 32 9 25 7 } 
| 1932 — 16 20 — 


cars equipped with vacuum-tank systems. It is seen that 
the use of vapor pressure corresponding to the curve provides 
a considerable margin of safety for many cars when operat- 
ing on blends of refinery gasoline and butane. This margin 
of safety is due to the fact that many cars have a large capac- 
ity for handling vapor in the fuel-feed system and that many 
cars have fuel systems which run much cooler than the 
33-deg. fahr. difference assumed in deriving Equation (3). 

It should be emphasized that the margin of safety noted in 
Figs. 7 and 8 will be reduced if fuels with flat distillation 
curves are employed and also if the cars are operated at higher 
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Fig. 7—Reid Vapor Pressures of Fuels which Vapor 
Locked Cars at Constant Speed 
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speeds. These considerations will be treated in the following 
two sections. 


Fuel Characteristics and Permissible Vapor Pressures 


It has been known for some time that the change in vapor 
pressure with increase in V/L varies considerably with dif- 
ferent fuels. This is illustrated in Fig. 9, where curves are 
shown for three fuels of diverse characteristics but having 
the same Reid vapor pressure at 100 deg. fahr. The curve 
for pentane represents the extreme case, for there is no change 
in vapor pressure or in vapor-locking temperature with de- 
gree of vaporization. If these fuels are used in a car equipped 
with a fuel system capable of operating up to V/L = 40, 
the vapor-locking temperature with the refinery gasoline- 
butane blend will be 29 deg. fahr. higher than when operat- 
ing with pentane as a fuel. 

The information obtained on the vapor-handling capacities 
of the various cars studied permits the construction for any 
type of fuel of a plot similar to that in Fig. 7. For this pur- 
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Fig. 8—Reid Vapor Pressures of Fuels which Vapor 
Locked Cars under Worst Operating Conditions 
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pose it is only necessary to construct a series of curves of 
vapor-locking temperature against V/L similar to those 
shown in Fig. 5 for the butane-refinery gasoline blends. Such 
a series of curves is shown in Fig. ro for blends of butane 
with a stabilized natural gasoline. If a car having a critical 
V/L ot 20 when operating at 40 m.p.h. gives vapor-lock 
trouble at a fuel temperature of 120 deg. fahr. when using a 
butane-refinery gasoline blend, it can be seen from the curves 
in Fig. ro that this same car operated under similar condi- 
tions will give vapor-lock trouble at 120 deg. fahr. when 
using a butane-natural gasoline blend having a vapor pres- 
sure of 11.2 lb. per sq. in. In this manner data were obtained 
for all of the cars at constant-speed operation on butane- 
natural gasoline blends and the values are plotted in Fig. rr. 
It is seen that there is less margin of safety in the case of 
many cars, but there is still a sufficient margin of safety for 
the large majority of the cars. 

A similar plot is shown in Fig. 12 for hypothetical fuels 
in which there is no change in vapor-locking temperature 
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Fig. 9—Variation of Vapor-Locking Temperature with 
V/L Values for Three Types of Fuel 
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Fig. 10—Variation of Vapor-Locking Temperatures with 
V/L Values for Natural Gasolines 


with increase in V/L. This is the limiting case, for variations 
in the critical V/L values of the different cars are eliminated 
and any deviations from the curve are due solely to differ 
ences in fuel-line temperatures from the 33-deg. fahr. average 
value assumed in deriving Equation (3). 


Operating Conditions and Permissible Vapor Pressures 

Since the fuel requirements of a given car vary with the 
operating conditions, it follows that the vapor-handling 
capacity must also vary. This has been considered partially 
in connection with Fig. 8 for vapor lock under the worst 
operating conditions encountered in the road tests. As the 
speed of a car increases, the critical value of V/L decreases. 
Assuming for the moment that the fuel-line temperatures do 
not increase with increase in speed, Fig. 13 shows the per- 
missible vapor pressures with butane-refinery gasoline blends 
for operation at such a speed that the critical V/L values are 
one-half of those found for operation at 40 m.p.h. It is seen 
that there is still ample margin of safety above the curve. If, 
on the other hand, it is assumed that the fuel-line tempera- 
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Fig. 12—Predicted Reid Vapor Pressures of Hypotheti- 
eal Pure Hydrocarbons which Would Vapor Lock Cars 
at Constant Speeds 
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tures run 10 deg. tahr. higher at this faster speed, this would 
be equivalent to displacing all points to the left by 10 deg. 
tahr., which would still give protection for the majority ot 
the cars. 

Assuming again that the fuel-line temperatures do not 
increase as the speed is increased, the most extreme case is 
the operation under such conditions that all of the delivery 


capacity of the system must be used for fuel (V/L = 0). 


This case is illustrated in Fig. 12, for it is identical with 
operation using the hypothetical fuels of constant vapor 
locking temperature. 


Discussion of Results 


The development of a method for the evaluation of the 
vapor-handling capacity of fuel systems under various operat 
ing conditions has been of material assistance in analyzing 
the vapor-lock problem. Furthermore, it permits a dif 
ferentiation between the effects of fuel-system design and the 
effect of fuel characteristics on vapor lock, so that each of 
these effects can be treated separately. By evaluating the 
vapor-handling capacity of the fuel systems in the individual 
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Fig. 11—Predicted Reid Vapor Pressures of Natural 
Gasolines which Would Vapor Lock Cars at Constant 
Speed 
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CANADIAN RAILWAYS ENDORSE TAXES 


cars, it has been possible to show quantitatively the effects 
of changes in operating conditions and of changes in fuel 
characteristics. From this analysis, it is believed that Equa- 
tion (3) [ta = 226 140 log pr| is satisfactory for the in- 
dication of permissible Reid vapor pressures during warm- 
weather operation, in that it appears to afford a reasonable 
margin of safety for most cars on the road today when oper- 
ated on any type of fuel. Some verification by road tests 
has been obtained in a few cases with different types of 
fuels, but an extensive verification must await the results of 
the tests to be conducted during the summer of 1933. Some 
evidence has also been obtained that the rise in temperature 
of the fuel above that of the atmosphere is essentially inde- 
pendent of atmospheric temperature over limits from 70 to go 
deg. fahr. However, it has been found that the temperature 
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rise increases as the atmospheric temperature decreases, and 
further information of a quantitative nature is at present be- 
ing secured. 

The present work indicates that changes both in fuel-line 
temperatures and in vapor-handling capacity affect the per- 
missible vapor pressures. It is still believed that lowering 
of fuel-line temperatures by changes in design of the fuel 
system is the most effective method of ensuring freedom 
from vapor lock. On the other hand, a redesign of the fuel 
system so as to increase the vapor-handling capacity can 
materially decrease vapor-lock troubles, but at the expense of 
fuel economy. The newer models of cars still have higher 
fuel-line temperatures than are necessary, and modification 
of the forthcoming models so as to produce a lowering of the 
fuel temperatures is much to be desired. 


Canadian Railways Endorse Fair Motor Taxes 


AXATION and regulation of any specific transporta- 

tion utility, whether it be a common carrier or other- 

wise, should be based on the general interests of the 
community. Neither taxation nor regulation should be di- 
rected toward a diversion of trafic from one utility to an- 
other if diversion will have the effect of increasing the cost 
or lessening the convenience of the handling of that traffic. 

These two premises have been substantially endorsed by 
representatives of the Canadian railways. In the statement 
on motor vehicle competition submitted to the Duff Com- 
mission by the joint committee of the two railroads you will 
find these statements: 

“The railways have no vested right in transportation. 
Ultimately they must stand or fall on the quality and cost 
of their service as compared with competitive forms of trans- 
portation. 

“The public is entitled to the privilege of moving its goods 
by the cheapest method available, and this can best be ef- 
fected if each transport agency is free trom hampering arti- 
ficial regulatory measures.” 

The Duff Commission itself, which, as we all know, was 
concerned primarily with the railways’ difficulties, emphatical- 
ly endorsed this view as applied particularly to highway 
transport. 

“It is essential,” states the Commission’s report, “that the 
country should have the free and unhampered use of the 
cheapest forms of transport and therefore no restrictions 
which would unfairly prejudice the road user should be 
imposed.” 

It is a truism that the progress of any civilization is deter- 
mined largely by the degree to which it utilizes and develops 
means of transport. I don’t want to labor the point but if 
you look back through history you will see that the fist 
great civilizations arose along rivers for the simple reason 
that in a primitive world rivers provided the cheapest and 
easiest means of transport. With the development of the art 
of navigation, there followed the rise of maritime peoples 
owing their supremacy largely to the fact that they were able 
to capitalize the cheapness of water transport in a world in 
which land transport was still relatively costly. 


Today, as the result of the dispersal of population over 
the once vacant land areas of the earth we live in a world 
in which the cheapness and efficiency of transportation by 
land are of paramount importance in the struggle for survival. 
That being the case, no community which hopes to hold its 
own can afford to neglect or check the development of any 
means of land transport which demonstrates its economic 
utility. 

Basically the, highway and the railway are not competitive 
but supplementary. Many of us describe the railway as the 
primary medium of land transportation. [ am not so sure 
that that is an accurate description. Neither the community 
at large nor the railways themselves could function at all 
without some sort of road system. In that sense the highway 
is as important to the railway as its own right of way. 
Without the means of contact with the community provided 
by the highway a railroad would have no more significance 
than a mechanical model in a museum. 

Once you admit this supplementary relationship, it seems 
to me that you are driven inevitably to acceptance of the 
proposition that the greater the efficiency with which we use 
our highways the greater the advantage to the railway. That's 
why I regard the development of the motor vehicle and the 
consequent expansion of our highway system not as the 
calamity which some railwaymen seem to think it is, but as a 
major advance of incalculable value in the field of land 
transport. 

[ am quite aware, of course, that a major innovation in any 
field creates problems of peculiar difficulty for any interests 
already engaged in that field. 

But in a case of this kind where the linkage between old 
and new is so direct and where the possibilities of coordi- 
nated development are so great it seems to me utterly futile 
to attempt to meet innovation with repression or restriction. 

To my mind, the problem is essentially one of intelligent 
adjustment—adjustment on both sides if the welfare of the 
community demands it. 

—R. M. Smith, Deputy Minister of Highways, Ontario, 


Canada. From a speech before the Toronto Railway Club, 
February, 1933. 
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in Next 
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By James V. Piersol 


Aviation Editor, The Detroit News 


HE USE of airplanes by newspapers is only beginning 

but has progressed far enough to indicate that ulti- 

mately the press will be one of the chief patrons of the 
scheduled airlines and one of the larger owners of individual 
business planes. My belief is that 10,000 airplanes will be 
required to fill the needs of the press in the next ten years. 
Most of this number will be owned and operated by the 
papers themselves. The remainder will be put in service 
by the airlines or private operators to care for the special needs 
of the papers. 

Only 7 out of 1844 dailies in the United States now own 
airplanes but, on the basis of the results obtained by the seven 
using them and the fact that 350 papers are feeling their way 
into air transportation by use of the air mail and the sched 
uled air lines, I believe that my prediction is justified. 

Thirty-one newspapers are regularly chartering airplanes to 
cover big stories, and 11 more occasionally charter planes for 
special distribution of papers. Several papers have used their 
planes exclusively for promotion and others for aerial photog- 
raphy. The paper I represent has used its planes in virtu- 
ally all phases of newspaper work. Since the inception of 
the air-transport division, we have made 1606 flights on 514 
assignments, and the two planes have flown 131,136 miles 
without a serious hitch. The cost of operating these planes 
is 65 cents per mile in the case of the Lockheed and 67 cents 
in the case of the Autogiro. 

In addition to making aerial photographs of spot news 
events, we are constantly adding to our files a collection of 
photographs of prominent places throughout the United 
States and Canada for future use. One day last summer the 
Lockheed left Detroit at noon and flew 500 miles to get 18 
photos of five different towns that figured in forthcoming 
news breaks. The trip required only 4 hr., and when the 
stories “broke” we had the photos ready to publish. A few 
days before, the Autogiro was out hovering over a big fire 


like a moth over a lamp while the photographer got a 
photograph for the next edition. 

Use of the planes for the transportation of papers has been 
limited to special occasions but has brought a volume of 
experience on which to base a regular delivery service at any 
time this seems desirable. 

Another phase of newspaper use of airplanes is by adver 
tising representatives who frequently are required to travel 
The 
head of our automotive and airplane advertising division, 
using one of the paper’s planes, recently traveled 3800 miles 
and made 85 calls in 14 days. 


long distances to call on advertisers or their agencies. 


I am confident that the use of airplanes by newspapers will 
greatly increase as time goes on. Aviation reporters will not 
travel any other way, and general reporters will in many in- 
stances use planes as much as they now use automobiles. 
Planes will be used for distribution of papers as much as we 
now use trains, buses and trucks. Reader interest in the 
popular features of a paper will not hold rural circulation 
without a fleet of fast trucks to deliver the papers. 

A city’s trading territory and a newspaper’s pulling power 
from the advertising viewpoint have always been limited by 
the speed of transportation; and nothing is faster than the 
airplane. It appears to me that the airplane will change 
what we now call the metropolitan paper into a national 
paper in every sense of the word. Several New York City 
papers now have more than 20,000 circulation in California 
alone. Likewise, one of the California papers has a note- 
worthy circulation in the East. On both coasts the readers 
What will happen to the 
circulation when those papers are delivered by airplane within 
6 or 7 hr. of press ime? 


wait a week to get the papers. 


That circulation is going to grow. 

The newspapers never have been backward about promot- 
ing aviation and are not going to be backward about using 
it—From a Detroit Section paper. 
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